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AABBSSTTRRAACCTT  

In recent years, electromagnetic compatibility (EMC) problems associated with 

high frequency and high speed interconnects are becoming of increasing concern. 

Coaxial cables are a popular form of interconnect. In this thesis, the crosstalk coupling 

between two parallel coaxial cables in free space and above a ground plane is 

investigated. The degree of coupling is usually formulated analytically in the 

frequency domain. In this thesis, a method for time domain simulation is proposed 

using the TLM technique. Results are compared with frequency domain solutions and 

experimental results. Also; the standard model has been improved by including the 

skin depth effect in the coaxial cable braid. 

The crosstalk between the two coaxial cables is observed through the induced 

voltages on the loads of the adjacent cable, which is deemed to be the usual 

measureable form of cable coupling. The equivalent circuit developed for the coupling 

path of two coaxial cables in free space takes account of the differential mode (DM) 

current travelling in the braids of the cables. As for the coupling path of the cables via 

a ground plane, the equivalent circuit is developed based on the flow of differential 

mode (DM) and common mode (CM) currents in the braid, where the coaxial braid’s 

transfer impedance is modelled using Kley’s model.  

The radiated electric (E) field from the coaxial cable above a ground plane is also 

deduced from the predicted cable sheath current distribution and by the Hertzian 

dipoles’ approach. Results are validated against the radiated electric field of a single 

copper wire above ground. Both the simulated and experimental results are presented 

in the time and frequency domains and good agreement is observed thus validating the 

accuracy of the model. 
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LLIISSTT  OOFF  SSYYMMBBOOLLSS  

The following symbols are used throughout this thesis: 

b hole width 

c speed of light 

d wire diameter 

e number of carriers 

f frequency 

h height of cable 

hr radial spindle separation 

j ξെͳ 

k time step (iteration) number 

l lay length 

n node (iteration) number 

s separation between cables 

t time 

z Z transform variable 

B magnetic flux density 

C capacitance 

Cd line capacitance 

Cm mutual capacitance 

CS self capacitance 

Ctd tertiary circuit capacitance 

D0 outer diameter of dielectric 

Dm mean braid diameter 

E electric field 

Erad radiated electric field 

G conductance 

H magnetic field 

I current 

IS source circuit current 

It tertiary circuit current 

IV victim circuit current 

L inductance 

Ld line inductance 

LS self inductance 

Ltd tertiary circuit inductance 

M mutual inductance 

N number of wires in each carrier 

P number of carrier crossings per 

unit length 

Q charge carried by pulses 

R resistance 
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RL source circuit terminated 

resistance 

RS source resistance 

R0L victim circuit terminated 

resistance 

RVL victim circuit terminated 

resistance 

V voltage 

VS source voltage 

VR voltage to the right 

VL voltage to the left 

YT transfer admittance 

Z line characteristic impedance 

ZC tertiary circuit characteristic 

impedance 

ZP end plate impedance 

 (differential mode) 

Zts, Ztv end plate impedance (common 

 mode) 

ZT transfer impedance 

Į braid angle 

į skin depth 

Ȝ wavelength 

ȝ0 permeability of free space 

ȝr relative permeability 

İ0 permittivity of free space 

İr relative permittivity 

ı conductivity 

Ȧ angular frequency 

∆f frequency step (df) 

∆l space step (dl) 

∆t time step (dt) 

∆x node spacing in x-direction (dx) 

∆y node spacing in y-direction (dy) 

∆z node spacing in z-direction (dz) 

 

Additional symbols are used to clarify such quantities as certain line parameters, 

voltages and currents. These symbols are generally defined where they are used in 

their respective sections. 
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Prefixes 

A subscript prefix k is used to denote the time step (iteration) number. 

A subscript prefix n is used to denote the node (iteration) number. 

Suffixes 

The following superscript suffixes are used: 

i pulse incident upon a node 

r pulse scattered from a node 

Subscript suffixes are often used to denote a direction. In the case of a multiple 

character suffix, the last character gives the function of the symbol while the first 

character gives the direction of the function of the symbol. 

 

Accents 

The ሬሬሬറ symbol is used to denote a vector quantity. 

The ෩  symbol is used to denote a Fourier Transformed quantity 
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CCHHAAPPTTEERR  11  

IINNTTRROODDUUCCTTIIOONN  

1.1 Electromagnetic Compatibility 

Since the early days of radio and telegraph communications, there have been 

sources of electromagnetic interference from electronic devices [1.5]. These particular 

electromagnetic waves inevitably cause interference which might cause other systems 

to fail. Electromagnetic interference is concerned with a wide variety of systems 

ranging from the human body to large electrical power systems, such as the national 

grid, which are subject to interference as diverse as lightning, electrostatic discharge, 

radio and television transmissions etc. Numerous other sources of electromagnetic 

emissions such as DC electric motors and fluorescent lights also generate interference 

virtually in all equipment powered by electrical supplies. The subject of 

electromagnetic compatibility (EMC) is the branch of science and engineering 

concerned with the ability of systems to function correctly in their electromagnetic 

(EM) environment, making them immune to certain amounts of electromagnetic 

interference (EMI), while at the same time keeping the interference they generate 

within specified limits [1.2]. Subject areas within the EMC field include coupling to 

and from external fields or within equipment design, emission tests such as radiation 

from cables and other current carrying conductors; and susceptibility tests. This thesis 

is concerned with the various electromagnetic emissions from one current carrying 

conductor coupled onto another. 

Interest in EMC is largely associated with military, aircraft and other heavy 

machinery systems and limits were initially set for radio interference for commercial 

and domestic EMC purposes [1.1]. However, due to the rapid increase in the use of 

radio communications, digital systems, fast processors and the introduction of new 

design practices, the sensitivity and susceptibility limits were established. The study of 

EMC in all systems eventually became more important.  
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For example, a strong transmission from a FM radio station or TV station may be 

picked up by a digital computer. The received transmission then interferes with the 

data or control signals resulting in incorrect function of the device. Conversely, a 

digital computer may create emissions that couple into a TV, causing interference 

[1.5]. Thus, in the design of electronic systems, it is crucial to minimise the 

interference from and into the particular equipment. EMC compliance is required for 

all types of electrical and electronic equipments during design, development, 

production, installation and operational phases. On 3rd May 1989, the EEC adopted a 

directive on EMC: electrical and electronic equipments brought on to the market must, 

by 1st January 1992, meet certain EMC requirements (emission and immunity limits) 

[1.3]. 

EMC problems can be divided into a number of issues such as EMI, Crosstalk, 

Susceptibility and Emission. Due to EMC disturbances, the equipment will generally 

be surrounded by some form of metallic enclosure, or shield, which contains apertures 

through which EM radiation can penetrate and couple into circuits within the 

equipment. The susceptibility to EMI is partly determined by the strength of signals 

coupled into the equipment. The relative strength of the penetrating field is known as 

the shielding effectiveness. The effectiveness of a shield can be viewed as being the 

ratio of the magnitude of the electric (magnetic) field that is incident on the barrier to 

the magnitude of the electric (magnetic) field that is transmitted to the barrier and is 

computed in units of dB, given by: 

ܧܵ  ൌ ʹͲ ௧ܧ௜ܧ     Ǣ        (1. 1) 

 

where Ei represents a field incident on one side of a shielding layer and Et represents 

the field on the other side. 

Shielding effectiveness, ideally, should be of the order of hundred dB. For 

example, a shielding effectiveness of 100dB means that the incident field has been 

reduced by a factor of 100k as it exits the shield. In order to realise an ideal shielding 

effectiveness, the shield must completely enclose the electronics and must have no 

penetrations such as holes, seams, slots or cables. Any penetrations in a shield unless 

properly treated, may drastically reduce the effectiveness of the shield; therefore, 

generating EMI such as the crosstalk, onto surrounding devices.  
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1.2 A Review of Coaxial Cable Coupling 

Many installations use coaxial cables to transmit signal from one device to 

another. Unless a solid homogeneous tube is superconductive, it possesses finite 

impedance, resulting in a non-zero external longitudinal electric field intensity 

produced by the current in the tube [1.8]. Since the shield in coaxial lines is not ideal, 

a leakage of the electric and magnetic fields contained within the area enclosed by the 

outer conductor is inevitable, thus electromagnetically affecting external conductors in 

close proximity. The transfer impedance of the braided shield cables can be accurately 

determined; hence the primary objective in validating such phenomenon is to develop 

the equivalent circuit for the corresponding system. Quantitative estimates of the 

screening performances are determined by developing a general coupling model for 

the crosstalk between braided coaxial cables, using circuit-based approach that 

employs distributed parameters [1.16]. The specific feature of crosstalk study of 

shielded cables in a wide frequency band is that, while the propagation regime in the 

dielectric remains quasistatic, the shield works in the wave propagation regime in 

conductors [1.7]. Mohr [1.27] states that when the coupled interference is determined 

solely on the basis of magnetic coupling, it is shown that the interference is dependent 

only on the character of the current in the source line. Many different analytical 

approaches [1.10], [1.11] and [1.16] – [1.32] were developed to model the crosstalk 

between two coaxial cables. Paul [1.9] theoretically explains that the coupling system 

of two current carrying conductors in general can be modelled by deriving the 

transmission line equations from a representation of the line as lumped circuit 

elements distributed along the line using three methods: 

 From the integral forms of Maxwell’s equations. 

 From the differential forms of Maxwell’s equations. 

 From the usual distributed parameter, per-unit-length equivalent circuit. 

Paul’s theory [1.9] works basically for ideal situations by assuming that the two 

conductors are perfect cylindrical conductors. The only approximate realistic manner 

of this system is adjusted by including the per-unit length resistive loss in series with 

the inductive element. Nonetheless, the per-unit-length parameters, ie: inductance, 

capacitance and conductance, theoretically derived by Paul [1.9] can be implemented 

into the cable coupling system (see Chapter 2, sections 2.3.1 and 2.3.2). 
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Some of the earliest researches done on this subject were carried out by Bell 

System Technologies on the crosstalk between coaxial telephone lines [1.12] – [1.15]. 

Schelkunoff and Oradenko [1.12] derived analytical formulas to model the crosstalk 

of the said system in free space. The effects of the braid’s transfer admittance on the 

crosstalk analysis were studied extensively by Sali [1.6] and [1.16]; by using an 

optimized (HLE-45) and a standard (URM-43) coaxial cable. Kley [1.18]; and Badr et 

al. [1.17] confirmed the accuracy of Sali’s [1.6] and [1.16] formulation through 

experimental measurements in the frequency domain, proving that the inclusion of the 

transfer admittance is not necessary for optimized cable braids as it has negligible 

effects (described in detail in Chapter 2, section 2.2).  

A further development of coupling between shielded cables above a common 

metallic ground plane was introduced by Mohr [1.27] using 4 different configurations, 

ie: open-to-open, shielded-to-open, open-to-shielded; and shielded-to-shielded wire 

coupling. However, the use of a lumped circuit model limited his work to low 

frequencies for which the cables are shorter when compared with a quarter of its 

wavelength [1.17]. Ellinas [1.26] confirmed Mohr’s [1.27] analytical study under the 

boundary condition of a short circuited outer sheaths of the cables (tertiary circuit). 

The major part of Ellinas’ [1.26] contribution was the development of the crosstalk 

analysis at high frequencies. A modification to Mohr’s [1.27] analysis was also done 

by taking into account a finite resistance of the metallic ground plane.  

The concept of tertiary circuit is analytically studied by Schelkunoff and 

Odarenko [1.12]; and Tsalovich [1.8]. This coupling mechanism is applied for both 

cases of the coupling system mentioned, and is shown in Figure 1.2.1. 
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Figure 1.2.1: The concept of tertiary circuit illustrated by Tsalovich [1.8] 

Schelkunoff and Odarenko [1.12] explain that a source line does not directly 

affects a given victim line but also other circuits, if present. The signal from the source 

line is instead transferred through the additional circuitry, and finally to the victim 

line. Numerical analyses widely used which apply the same concept are Thomas et al. 

[1.10]; Badr et al. [1.17], [1.22] and [1.25]; and Sali [1.6], [1.16] and [1.33]. 

 

1.3 Relevance of the Thesis 

In practical situations such as aircraft, automotive and heavy machinery; large 

amounts of cables are used, inevitably causing large amount of coupling. This thesis is 

specifically concerned with the importance of time domain modelling of 

multiconductor lines (mainly coaxial cables) and its radiated field emissions, where 

few researchers have explored. It is therefore evident to describe time domain results 

showing time domain effects such as jitter and general signal integrity. This thesis also 

shows improvement in the accuracy of crosstalk in multiconductor lines associated 

with several aspects where previous work has failed to explain. While most work 

discussed with relevance to the cables itself, this work has successfully proved the 

importance of the cables’ connections and terminations (vertical supports) and its 

effects in detail. The accuracy of the coupling effects are further improved when time 
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domain skin effect is implemented in the coaxial cable braids, where this loss factor is 

often ignored. 

 

1.4 Overview 

The purpose of this section is to describe the structure of the work presented in 

the following chapters. The work can be divided into two parts: the theoretical 

derivation of the numerical model simulations and experimental measurements of the 

system. Results are presented throughout to illustrate specific points but the major 

results for the total coupling effect in the system have been compiled in Chapter 5.  

Chapter 2 reviews the theory in detail behind different techniques modelling the 

surface transfer impedance of a coaxial cable and also coupling configuration between 

coaxial cables via a tertiary circuit, including their per-unit length parameters used in 

this work: 

 Coupling between two coaxial cables in free space 

 Coupling between two coaxial cables via a perfect ground plane 

Chapter 3 is concerned with the crosstalk experimental measurements of the two 

coupling configurations in Chapter 2. Experimental arrangement using RG-58 

coaxial cables and the utilized equipments are described in detail. Experimental 

measurements are carried out and presented to describe the impact of end plates on 

coupling. 

Chapter 4 reviews the theory of the 1-Dimensional TLM models and presents the 

implementation techniques for the two coupling configurations used in the numerical 

model. Results comparing numerical predictions and experimental measurements are 

presented both in time and frequency domains. Results are compared between the 

numerical predictions and measurements, showing the effects of a lossless tertiary 

circuit against the effects of the vertical supports (brass end plates). 

Chapter 5 describes a feature not normally included in published studies of the 

characterization of the tertiary circuit, namely the skin depth. It presents the analysis 

of two different techniques to model the skin depth in the time domain together with 
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its implementation into the tertiary circuit model. Results are compared between 

numerical predictions against measurements, showing the effects of skin depth effect 

for all configurations presented in this research work. 

Chapter 6 is concerned with the radiated electromagnetic field analysis. The 

experimental arrangement of the antenna and the cable in a screened room is 

described. It also presents a comparison between the numerical predictions and 

experimental measurement of the radiated interference for two different configuration 

systems: 

 A simple bare wire above a perfect ground plane 

 A single coaxial cable above a perfect ground plane 

Chapter 7 presents the conclusions of this research work and possible future 

research is discussed. 

The main achievement of this research in the modelling of interconnects can be 

summarised below: 

1. Time domain modelling of coaxial cable coupling. 

2. The inclusion of cable termination effects (ie: brass end plates). 

3. The loss factor; specifically due to the skin effect, included in the tertiary 

circuit and modelled in the time domain showing significant impact. 

4. Time domain simulation validated against time domain measurements and 

through Fourier transform of the results validated against frequency domain 

measurements. 

5. Technique for predicting radiated fields in the time domain using the Hertzian 

dipole approach developed for coaxial cables and validated against frequency 

domain measurements after Fourier transforming the time domain data. 
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CCHHAAPPTTEERR  22  

TTHHEEOORRYY  OOFF  CCAABBLLEE  CCOOUUPPLLIINNGG  

2.1 Coaxial Cables 

The coaxial cable was invented in 1929 and first used commercially in 1941 [2.1]. 

AT&T established its first cross-continental coaxial transmission system in 1940 [2.1]. 

Depending on the carrier technology used together with other factors, the alternatives 

to the coaxial cable are the twisted pair copper wire and the optical fibre cables. 

Coaxial cable is the type of copper cable used by cable TV companies between the 

community antenna and user homes and businesses. It is sometimes used by telephone 

companies from their central office to telephone poles near users, and also widely 

installed for use in business and corporation such as Ethernet and other types of local 

area network. A coaxial cable comprises two conductors that share a common axis, an 

inner conductor (copper wire) and an outer cylindrical conductor, which is usually 

earthed and provides the return path. The outer conductor is usually braided 

(commonly copper material) to allow for a more flexible cable. It is used to carry 

various signals, ie radio signals and is an extremely popular form of interconnect in 

the rapidly developing electronics industry. Figure 2.1.1 shows the cross section area 

of a RG-58 coaxial cable. 

 

 

 

 

 

 

Figure 2.1.1: Cross section area of a RG-58 coaxial cable 
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2.2 Surface Transfer Impedance of Coaxial Cables 

Coaxial cables are light and flexible but still possess a relatively high degree of 

shielding effectiveness. Systems connected to coaxial cables are not ideal. The outer 

conductor functions as a shield to reduce coupling of the signal into adjacent wiring. 

In general, the choice of cable type for a particular application is a compromise 

between various aspects, such as cost, diameter, weight, flexibility, RF losses and 

shielding [2.2]. The factors affecting these parameters include the structure of the 

inner and outer conductor, dielectric insulation layer and the sheath of the cable. More 

shield coverage means less radiation of energy. However, it does not necessarily mean 

less signal attenuation. The terms ‘shielding’ and ‘screening’ of a coaxial system is 

often used. It concerns mainly with the leakage from the woven characteristics of the 

braid. This leakage of energy into the coaxial cable when the exterior of the braided 

shield is subjected to interference of an electromagnetic field is described by Sali et al. 

in [2.3]. The penetration of such energy depends on the frequency of the incident 

source (wave or signal pulses). The penetration of energy into the braid at low 

frequencies is due to the diffusion of energy of the electromagnetic field whereas at 

high frequencies, the penetrations are due to: 

 Electric coupling parameters causing the penetration of electric field (Transfer 

Admittance) 

 Magnetic coupling parameters causing the penetration of magnetic field 

(Transfer Impedance) [2.3] 

The penetration of the magnetic field may be modelled by the concept of surface 

transfer impedance per unit length, ZT, which essentially behaves like an inductive 

reactance at high frequencies [2.3]. The term surface transfer impedance was used in 

the literature as long ago as the 1930s, and one of the first authors to define it was 

Schelkunoff [2.5]. Cable shields are important in overall system performance as they 

can be of significant length and can run through electromagnetically hostile 

environments. The basic general concept of a cable shield’s surface transfer 

impedance is explained in [2.4]. For example, consider a cylindrical shield of a cable 

with thickness, D, as shown in Figure 2.2.1. 
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(a) 

 

 

 

(b) 

 

 

 

Figure 2.2.1: Configuration used to calculate transfer impedance (a) Currents and 

voltages for a shielded cable analysis. (b) A cross section area of a cylindrical shield 

with radius a 

The transfer impedance of the shield is one measure of the effectiveness of the 

shield and in its most general form the transfer impedance can be defined as: 

 ்ܼ ൌ ͳܫ଴ ݖܸ݀݀  (2. 1) 

where I0 is the total current flowing in the shield and 
ௗ௏ௗ௭ is the change in open circuit 

voltage generated by this current along the transmission line formed by the shield and 

the conductors enclosed by the shield [2.11]. Metal braided shields allow the 

penetration of electromagnetic field through holes, cracks, etc. and are characterised 

by mutual-coupling components as well as the diffusion components. This is 

illustrated in Figure 2.2.2 [2.11]. 
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Figure 2.2.2: Penetration of electromagnetic fields through the apertures of the 

cable’s braided shield through (a) εagnetic coupling. (b) Electric coupling [2.11]. 

In addition to the diffusion of energy due to magnetic field at high frequencies, the 

electric coupling produced by an electric field, which would otherwise terminate on 

the outer surface of the shield, penetrate through the holes in the shield and 

terminating on the inner conductor. The penetrating of this electric field may be 

represented by the concept of transfer admittance, YT, between the inner conductor and 

the return path for the shield, which essentially behaves like a capacitive reactance at 

high frequencies. As implied in Figure 2.2.2, the effects of electric coupling requires 

that the external circuit of the shield current be considered, as well as the internal 

circuit of the shielded conductor. In its most general form, the transfer admittance can 

be defined as: 

Aperture 

H(I+) H(IS) 
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 ்ܻ ൌ  ͳܸ଴ ݖ଴݀ܫ݀  (2. 2) 

where V0 denotes the voltage between the shield and the return path for the shield 

current. 
ௗூబௗ௭  defines the change in short circuit internal circuit current along the shield 

per unit length [2.11]. The analogy of the derivation of the transfer admittance gives 

rise to the equivalent electric dipole developed by Kaden [2.6] and Marcuvitz [2.7]. 

This derivation is associated with the assumption, where the hole and charge from the 

outer shield from the return path is induced into the inner conductor by this dipole. 

This analysis yields a mutual capacitance, C12, between the inner conductor and the 

return path of the shield. Therefore, the mutual coupling of the transfer impedance, ZT, 

and transfer admittance, YT, is expressed by the mutual inductance, M12, and mutual 

capacitance, C12, caused by the apertures between the inner conductor and the external 

circuits enclosed by the shield, giving [2.6], [2.7]: 

ଵଶܥ  ൌ ݒ  (3 .2) ߝଶܽଶߨଶͶܥଵܥ݌

ଵଶܯ  ൌ ݒ  ଶܽଶ (2. 4)ߨ଴݉Ͷߤ

where a denotes the outer shield radius; ȝ and İ denotes the permeability and 

permittivity of the internal polymer insulation respectively; and v denotes the number 

of identical apertures per unit length of the shield. p and m represent the electric and 

magnetic polarization of the apertures respectively. C1 is the capacitance per unit 

length between the internal conductors and the shield while C2 is the capacitance per 

unit length between the outer shield and the shield’s return path. The assumption made 

for equations (2.3) and (2.4) to be valid is that the dimensions of the apertures are far 

smaller than the outer shield radius, a, and the wavelength of the current path, Ȝ. 

Many improvements to the models for transfer impedance and transfer admittance 

of the braid have been proposed [2.5] – [2.17], which serve as the usual practical 

measure of the shielding properties of the shielded cables [2.8], [2.10] and [2.11]. This 

aspect will be discussed and compared further in this chapter. The best solution for the 

modelling of the geometrical properties in the braided shield is then selected to model 

the transfer impedance of the RG-58 coaxial cable. 
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2.2.1 Vance Model [2.11] 

(a)  

 

 

 

 (b) 

 

 

 

 

 

Figure 2.2.3: (a) A cross-section of a coaxial cable. (b) A detailed braided shield with 

defined basic parameters 

A typical coaxial cable with a braided shield has a conducting shield containing a 

large number of small diamond-shaped openings owing to the criss-crossing belts of 

conductors, illustrated in Figure 2.2.3. The analysis of braided wire shields widely 

used in RF transmission lines and shielded multiconductor cables for electronic 

systems is based on the theory of coupling through electrically small apertures or irises 

of the braid, derived by Kaden [2.6] and Marcuvitz [2.7]. The aperture theory is 

adapted to the single-layer braided shield so that the transfer impedance of the braided 

shield can be expressed in terms of physical parameters such as wire size, number of 

wires per carrier, number of carriers, and braid angle. The transfer impedance 

expressions and shield parameters are expressed in a way that the effect of varying 

such parameters as shield coverage, ie: wire size, braid angle, etc. can be assessed 

[2.7]. Many authors have worked on the calculation of the coupling parameters of 
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shielded cables. However, this chapter concentrates mainly on the important 

contributions made towards the development of the surface transfer impedance, 

presented by Tyni [2.10], Vance [2.11], and Kley [2.8].  

Tyni [2.10] identified two magnetic coupling processes to account for the 

inductive rise of ZT at high frequencies. The coupling by direct penetration of the 

external fields to the interior through the holes in the braid give rise to hole 

inductance. The magnetic flux coupling in the circuits between the inner and outer 

layers in the braid results in another inductance, known as the braid inductance. 

Measurements were performed [2.13] and established that when the hole inductance of 

the braid is greater than the braid inductance, ZT has a positive value and vice versa. It 

has been suggested by Tyni [2.10] that for braid angle less than 45˚, the hole and the 

braid inductances oppose each other and greatly reduced ZT values may be obtained 

for a particular optical coverage in the shield where the difference between the two 

inductances is minimum [2.9].  

Benson et al. [2.14], Homann [2.15], McDowell et al. [2.16] and Sali [2.36] 

proved that it is theoretically possible to design a coaxial braid with a minimum of ZT, 

where the braids are considered to be optimized braids. Optimized cable braids such as 

the RG-400 coaxial cable have very low optical coverage and they require much lower 

fillings, allowing low ZT values to be obtained. The low optical coverage in the braid 

reduces braid inductance but increases hole inductance due to the increased number of 

holes and their increased sizes. Therefore, this accounts for the much higher electric 

field coupling within the braid. Since optimized braids have low optical coverage that 

is much smaller than a standard URM-43 coaxial cable, they do give rise to increased 

electric field coupling. Therefore, YT, represented by capacitive coupling impedance 

may assume values that are comparable to the values of ZT and hence, impossible to be 

ignored, especially when the analysis for various field coupling and crosstalk is 

concerned.  

The Vance model [2.11] is one of the earliest and simplest models for the transfer 

impedance. Similar to Tyni, it is suggested by Vance [2.11] that the transfer 

characteristics of a braided shield can be defined in terms of Dm, N, P and d. A typical 

braid pattern is illustrated in Figure 2.2.3. From the given parameters, the fill factor of 

the braid can be equated as: 
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ܨ  ൌ ߙ   ݀ܰܲ ൌ ௠ܦߨʹ݀ܰ݊  (5 .2) ߙ   

The optical coverage of the braid is given by: 

Braid angle, Į, plays an important role in determining the shape of the braid and 

its magnetic field coupling, which mainly affects the value of ZT. For braid angle, ߙ ൏ ͶͷǏ, the major axis of the diamond-shaped holes is perpendicular to the magnetic 

field, where the shape is oriented for a minimum magnetic coupling through the 

aperture of the braid. As for braid angle, ߙ ൐ ͶͷǏ, the major axis of the diamond-

shaped holes is parallel to the magnetic field, orienting the shape for a maximum 

magnetic field coupling through the shield’s aperture. 

Finally, the transfer impedance of the braided shield can be approximated using 

two components. The first component determines the diffusion of the electromagnetic 

leakage energy through the shield. Meanwhile, the second component determines the 

penetration of the magnetic field coupling through the shield’s aperture. Vance [2.11] 

further develops the diffusion of the low frequency resistive component, Rdc, of ZT, in 

(2.9). This DC resistance per unit length of each conductor is approximated by 

assuming that the conductor of d diameter is isolated from all other conductors, in 

which the contact resistance between the cables is large compared to the cable 

resistance, giving: 

 ܴ଴ ൌ Ͷ݀ߨଶߪ  (7 .2) ߙ   

The DC resistance per unit length of the shield is: 

 ܴௗ௖ ൌ ܴ଴݊ܰ  ൌ  Ͷ݀ߨଶ݊ܰߪ  (8 .2) ߙ   

It is found in [2.5] that by assuming that this DC resistive component behaves in 

the same manner as the diffusion term in a cylindrical tube with thickness d, the skin 

depth effect implemented together with the DC resistance of the braid, giving a total 

screen impedance of: 

 ࣲ ൌ ܨʹ െ  ଶ (2. 6)ܨ
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ܼௗ ൌ Ͷ݀ߨଶ݊ܰߪ ߙ    ቌ ሺͳ ൅ ݆ሻ ݀ ൗ    ቀሺͳߜ ൅ ݆ሻ ݀ ൗߜ ቁቍ ൌ ܴௗ௖ ቌ ሺͳ ൅ ݆ሻ݀ ൗ    ቀሺͳߜ ൅ ݆ሻ ݀ ൗߜ ቁቍ (2. 9) 

where the skin depth, į, can be equated as: 

From (2.4), similar shapes such as ellipses with semicircular ends, the 

polarizability of the diamond-shaped aperture can be represented by the polarizability 

of an equivalent elliptical aperture. The magnetic polarizability of the elliptical 

aperture has been derived in closed form for parallel to both the major and minor axis 

of the ellipse [2.12]. Hence, for the major axis, the magnetic polarizability of the 

ellipse is given by: 

 ݉௟ ൌ ଷʹͶ݈ߨ ቆ ݁ଶܭሺ݁ሻ െ  ሺ݁ሻቇ (2. 11)ܧ 

As for the minor axis, the magnetic polarizability of the ellipse is given by: 

 ݉௪ ൌ ଷʹͶ݈ߨ ቆ ሺͳ െ ݁ଶሻܭሺ݁ሻ െ ሺͳ െ ݁ଶሻܧሺ݁ሻቇ (2. 12) 

where e represents the ellipse’s eccentricity, given by: 

where w and l denote the minor and major axis of the ellipse respectively. 

K(e) and E(e) are complete elliptic integrals of the first and second kind, 

respectively, and can be defined as: 

ߜ  ൌ  ඨ  (10 .2) ߪ଴ߤ߱ʹ

 ݁ ൌ  ඨ൤ͳ െ ቀ݈ݓቁଶ൨ (2. 13) 

ሺ݁ሻܭ  ൌ  න ݀߮ඥሺͳ െ ݁ଶ    ଶ ɔሻగଶ଴  (2. 14) 

ሺ݁ሻܧ  ൌ  න ቂඥሺͳ െ ݁ଶ    ଶ ɔሻቃగଶ଴ ݀߮ (2. 15) 
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Assuming that the braided shield pattern can be simulated by ellipses having 

similar major and minor axes to the rhombic holes, the mutual inductive coupling 

which represents ZT associated with the apertures can be approximately equated as: 

or 

The total transfer impedance for the braided shield cable can then finally be 

expressed as: 

 

2.2.2 Tyni Model [2.10] 

Apart from the Vance model [2.11], the Tyni model [2.10] is studied extensively 

in [2.14] and found to be reasonably accurate in modelling the transfer impedance of 

coaxial cables. In [2.14], detailed measurements were carried out based on theoretical 

model developed by Tyni [2.10], which demonstrated good agreement. The braided 

cable shield provides a certain increase in attenuation compared to a continuous 

conductor. As mentioned, the contribution to this leakage is from the inductive 

coupling between the internal and outer conductor of the coaxial cable. Hence, the 

transfer impedance can be expressed in terms of an inductive term, giving: 

ଵଶܯ ൎ ଴͸ܰߤߨ ሺͳ െ ࣲሻଷଶ  ቊ ݁ଶܭሺ݁ሻ െ ሺͳ െ ݁ଶሻܧሺ݁ሻቋ Ǣ ߙ  ൏ ͶͷǏ 
(2. 16) 

 
݁ ൌ ඥሺͳ െ ݊ܽݐଶ  ሻߙ

ଵଶܯ ൎ ଴͸ܰߤߨ ሺͳ െ ࣲሻଷଶ ۔ۖەۖ 
ۓ ݁ଶඥሺͳ െ ݁ଶሻܭሺ݁ሻ െ ሺ݁ሻۙۘۖܧ

ۖۗ  Ǣ ߙ  ൐ ͶͷǏ 
(2. 16) 

 ݁ ൌ ඥሺͳ െ ܿݐ݋ଶ  ሻߙ
 ்ܼ ൌ ܼௗ ൅  ଵଶ (2. 17)ܯ݆߱ 

 ்ܼ ൌ ܴ ൅  (18 .2) ܮ݆߱
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where R in (2.18), is expressed as the resistive component of the braid at low 

frequencies.  

Tyni’s prediction of the leakage from coaxial cables is based on the theoretical 

analysis of a non-optimized braided cable, which uses a minimised electric 

(capacitive) leakage. In the Tyni model [2.10], the transfer impedance is found from 

two inductances, ie: braid and hole inductances. It is a further development from 

Vance [2.11], which only considers the braid inductance. The braid inductance, Lb, 

arises from the woven nature of the braid. The principal idea behind this qualitative 

inductance is that Lb is treated as an inner inductance between the two interlaced 

halves of the braid, relating it only to the geometry of the braid. The leakage or gap 

inductance, Lh, is the hole inductance due to the apertures in the shield. Lb and Lh can 

be equated as [2.10]: 

௕ܮ  ൌ ߤ଴݄௥Ͷܦߨ௠ ሺͳ െ    ଶ  ሻ (2. 19)ߙ

௛ܮ  ൌ ʹߤ଴ܰߨ ߙ    ൬ ௠൰ଶܦߨܾ ݁ቀିగௗ௕ ିଶቁ (2. 20) 

Given information of the braid picks P, outer diameter of dielectric D0 and 

number of conductors n (see Figure 2.2.3), the parameters l, Į, Dm, hr and b can be 

given by [2.10]: 

 

 

 ݈ ൌ ܰʹܲ
 (2. 21) 

ߙ  ൌ     ିଵ ൬ʹܦߨ௠ܲܰ ൰ (2. 22) 

௠ܦ  ൌ ܦ଴ ൅  ʹ݀ (2. 23) 

 ܾ ൌ ௠ܰܦߨʹ  ߙ    െ  ݊݀ (2. 24) 

 ݄ ൌ ʹ݀ଶܾ ൅ ݀ (2. 25) 
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Further modification was proposed by Katakis [2.17], the following equations 

(2.26) and (2.27) suggest that Dm is also a function of hr. The equations represent a 

non-linear relationship. Thus, a solution is found by using a Newton-Raphson iteration 

process. 

where hr can be obtained through: 

൤ʹܰߨ൨ ൅ ൤ሺͳ െ ݊ሻ݀ ൅ ʹܰߨ ሺܦ଴ ൅ ʹ݀ሻ ൨ߙ    ݄௥ െ ʹ݀ଶ ൌ Ͳ (2. 27) 

ZT can then finally be expressed as: 

 ்ܼ ൌ ܼௗ ൅ ݆߱ሺܮ௕ ൅ ܮ௛ሻ (2. 28) 

 

2.2.3 Kley Model [2.8] 

The Kley model [2.8] is a further development of the characteristics of the transfer 

impedance of a braided shield cable. According to Kley, the known approaches, such 

as [2.6], [2.7], [2.10] and [2.11], for the calculation of the internal coupling parameters 

of single-braided shields are still lacking in comparison with the measured values. The 

Kley model is found to be based on analytical approaches by Kaden [2.6], Vance 

[2.11], and Tyni [2.10], which plans to eliminate the problem causing the slight 

drawback when comparing with measurement values. Similarly, Kley concentrates on 

the important insights on the braid inductance of the transfer impedance’s dependence 

on the inductive coupling through the apertures of the braid. Implementing the screen 

impedance by Vance [2.11] in (2.29), giving: 

It is suggested by Kley that there are two effects which contribute to the coupling 

inductance, MT. These two factors comprise of the mutual inductance due to the 

apertures allowing for the curvature of the tube (hole inductance), ML; and the mutual 

inductance between carriers in the braid (braid inductance), MG.  

௠ܦ  ൌ ଴ܦ ൅  ʹ݀ ൅ ݄௥ (2. 26) 

 ்ܼ ൌ ܼௗ ൅ ݆߱ሺܮ௛ െ ܮ௕ሻ (2. 29) 
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This term is adjusted by Kley, originated from the mutual inductive coupling due 

to the apertures in the braid, derived from the magnetic polarizability of the elliptical 

aperture in the Vance model [2.11]. Kley approximated this elliptic function in (2.16) 

by ʹ െ  with an exponential attenuation factor of ĲH, and also considering the ,ߙ   

factor of 0.875 due to the curvature of the braid, to give: 

௅ܯ   ൎ ͲǤͺ͹ͷߤ଴ ʹሺߨ െ ሻ͸ܰߙ    ሺͳ െ  ሻଷ݁ିఛಹ (2. 31)ܨ

where the attenuation factor is derived as: 

 ߬ு ൌ ͻǤ͸ܨඨࣲଶ݀ܦ௠య
 (2. 32) 

The hole inductance can be related to the braid parameters for circular apertures, 

assuming that the proximity effects are ignored and uniform current distribution 

assumed.  

It is elaborated by Kley that the braid inductance varies with the braid angle Į (no 

induced voltage if ߙ ൌ ͶͷǏ ; and maximal induced voltage if ߙ ൌ ͲǏ) [2.8]. From 

(2.16), Tyni’s [2.10] braid inductance in (2.19) was validated by the triaxial 

configuration measurement in [2.18], to give an approximate formula derived by Kley: 

ீܯ  ൎ െߤ଴ ͲǤͳͳܰ݊    ሺʹܭଵߙሻ (2. 33) 

where 

and F0 represents the minimal fill factor of the braid, derived from (2.16), given by: 

଴ܨ  ൌ ܨ  (35 .2) ߙ   

Kley introduced a third inductance in the braid, known as the skin inductance, LS. 

As the magnetic field penetrates through the apertures of the braid, it generates eddy 

்ܯ  ൌ ௅ܯ ൅ (30 .2) ீܯ 

ଵܭ  ൌ Ͷߨ ൤ʹ͵ ଴ܨ ൅ ͳͲ൨ିଵߨ
 (2. 34) 
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currents on the surface of the apertures. This effect is taken into account by an ohmic-

inductive component of the transfer impedance [2.8]. This said inductance includes the 

skin effect on the aperture surface, which can be equated as: 

ௌܮ  ൌ ͳ߱ߜߪߨ ሾܦ௅ି ଵ ൅ ିீܦ ଵሿ (2. 36) 

where DL and DG are fictitious diameters that model the corresponding skin effect. The 

evaluation of the measurements done by Kley [2.8] yields for DL an approximated 

formula given by: 

௅ିܦ  ଵ  ൎ ͳͲܨߨ଴ଶ ௠ܦߙ    ሾͳ െ  ሿ݁ିఛಶ (2. 37)ܨ

where the attenuation factor can be equated as: 

 ߬ா ൌ ͳʹܨඨࣲଶ݀ܦ௠య
 (2. 38) 

and the fictitious parameter DG is approximated by: 

ିீܦ  ଵ ൎ  െ ͵Ǥ͵ʹܨߨ଴ܦ௠    ሺʹܭଶߙሻ (2. 39) 

where 

ଶܭ  ൌ Ͷߨ ൤ʹ͵ ଴ܨ ൅ ͵ͅ൨ିଵ
 (2. 40) 

The evaluation of the measurements found by Kley showed that the thickness, dR, 

of the equivalent tube is proportional to the wire diameter, d. The said thickness is also 

found to be slightly dependent on the braid angle, Į. Therefore, from (2.9), the screen 

impedance of the tube can be equated as: 

 

ܼோ ൌ ܴௗ௖
ێێۏ
ێێێ
ۍ ሺͳ ൅ ݆ሻ ݀ோ ൗߜ
    ቌሺͳ ൅ ݆ሻ ݀ோ ൗߜ ቍۑۑے

ۑۑۑ
ې
 (2. 41) 
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where dR is defined as: 

Finally, the formula for ZT of a single-braided shield cable is written in its entirety 

as: 

 ்ܼ ൌ ܼோ ൅  ݆߱ሺܯ௅ ൅ ீܯ ൅ ܮௌሻ (2. 43) 

 

2.2.4 Comparison of the Transfer Impedance Models 

The predicted transfer impedance as given by Tyni [2.10], Vance [2.11], and Kley 

[2.8] models for the standard non-optimized coaxial cable RG-58 with the parameters 

as supplied by the manufacturers (RG-58 in Appendix D) are plotted in Figure 2.2.4. 

The predicted transfer impedance models are validated via measurements using the 

trixial configuration in [2.19]. There is a significant difference between the models but 

they are comparable to the typical results shown in Figure 2.2.5 [2.27]. Research done 

by Benson et al. [2.14] and Thomas et al. [2.26] both found that Kley model provides 

the best accuracy in modelling the transfer impedance of braided shield cables since all 

possible aspects of the inductances in the braid were considered. Therefore, the Kley 

model forms the basis of modelling the surface transfer impedance for the RG-58 

coaxial cable in this thesis. 

 

 

 

 

 

 

 

 

 ݀ோ ൎ ͲǤ͸͹݀ξ   ߙ 
(2. 42) 
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Figure 2.2.4: Comparison between predicted and measured transfer impedance, ZT, 

using RG-58 parameters 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.5: Transfer Impedances, ZT, of different types of coaxial cables [2.27] 
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2.3 Crosstalk 

A transmission line is a structure that guides the transmission of energy. This 

energy form could be electromagnetic waves or acoustic waves, or other propagating 

phenomenon. The components which make up an electrical transmission line include 

wires, coaxial cables, dielectric slabs, optical fibres, electric power lines and 

waveguides.  

Crosstalk is an important aspect of the design for an electromagneticly compatible 

product. Electrical signals can be coupled onto a transmission line via different paths. 

One of the most common cases is where the transmission line shares a common path 

with another transmission line. The crosstalk phenomenon is due to near-field 

coupling. A current flowing, which exists in one line, produces an interference signal 

on the other line that is in close proximity (induced interference). This interference is 

caused by an electromagnetic field surrounding the transmission line and does not 

involve a physical connection between the two circuits. Crosstalk refers to the 

unintended electromagnetic coupling between wires, traces, trace to wire, electrical 

components etc. [2.22]. The crosstalk between two cables can induce signals on the 

adjacent cable that may radiate externally to the product, potentially causing the latter 

to exceed permitted radiated emission regulatory limits. Due to internal coupling to the 

power cord of the product, these coupled signals may also cause the product to fail the 

conducted emission regulatory requirements [2.23]. Crosstalk is generally considered 

to be a functionality concern to all engineering design by causing electromagnetic and 

can be a major contributor to the propagation of EMI. 

Schelkunoff and Odarenko [2.32] explain that the crosstalk between any two 

transmission lines depends upon the existence of mutual impedances and mutual 

admittances between the lines. The two types of crosstalk are introduced in [2.32], ie: 

impedance crosstalk and admittance crosstalk. Impedance crosstalk is produced by an 

electromotive force in series with the disturbed line in consequence of mutual 

impedances between the lines; whereas admittance crosstalk is produced by an 

electromotive force in shunt with the disturbed line, induced by virtue of mutual 

admittances. 
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Given the definition of crosstalk in [2.32], Christopoulos [2.4] describes that 

crosstalk subjects to inductive coupling (impedance crosstalk) as well as capacitive 

coupling (admittance crosstalk); followed by a basic example shown in Figure 2.3.1. 

Capacitive coupling usually results from traces lying close to each other above a 

reference plane, where only the electric coupling is considered. This coupling depends 

on the distance between traces and the overlapping area. It is particularly evident when 

two high impedance circuits are in close proximity to each other, carrying low 

frequency signals. As for inductive coupling, it normally appears dominant in low 

impedance circuits in close proximity to each other, carrying low frequency signals, 

where only the magnetic components of the field is considered [2.4]. 

 

 

 

 

 

 

 

Figure 2.3.1: Configuration of a two-conductor transmission line system 

 Figure 2.3.1 shows a system of two parallel conductors. The potential difference 

V1 in conductor 1 with respect to ground will cause an interference signal to appear in 

conductor 2, given by: 

where C1 denotes the capacitance of conductor 1 to ground; C2 denotes the capacitance 

of conductor 2 to ground; and C12 denotes the mutual capacitance between conductors 

1 and 2. 

 ଶܸ ൌ ܥଵଶܥଵଶ ൅ ܥଶ ଵܸ (2. 44) 
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 With addition of a shield around conductor 2, depicted in Figure 2.3.2, capacitive 

coupling can be described in the following way. If the shield has no DC connection to 

ground, its potential is given by [2.4]: 

where C12S denotes the mutual capacitance between conductor 1 to the shield of 

conductor 2 and C2S denotes the capacitance of the shield of conductor 2 to ground. 

 

 

 

 

 

 

 

Figure 2.3.2: Shielding effect on conductor 2 [2.4] 

Referring to Figure 2.3.2, the voltage induced on conductor 2 when current I1 

flows in conductor 1 is given by: 

 ଶܸ ൌ ܯଵଶ ݐଵ݀ܫ݀  (2. 46) 

where M12 denotes the mutual impedance between the two transmission lines. 

Inductive coupling is can be described when a magnetic shield is implemented on 

conductor 2, shown in Figure 1.2.2, in the following way. The voltage induced on the 

shield, V12S, would then be: 

where M12S denotes the mutual inductance between conductor 1 and the shield of 

conductor 2. 

 ଵܸଶௌ ൌ ܥଵଶௌܥଵଶௌ ൅ ܥଶௌ ଵܸ (2. 45) 

 

 ଵܸଶௌ ൌ ܯଵଶௌ ݐଵ݀ܫ݀  (2. 47) 
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 However, if the shield is connected to ground, shown in Figure 2.3.3, VS and the 

voltage induced on conductor 2 are zero. The initial current I1 driven in conductor 1 

given by (2.47) will then induce an additional voltage, VShield, given by: 

 ௌܸ௛௜௘௟ௗ ൌ ܯଵଶௌ ݐଵ݀ܫ݀  (2. 48) 

 

 

 

 

 

 

 

Figure 2.3.3: Grounded shield on conductor 2 

where M12S denotes the mutual inductance between the shield and conductor 2. If the 

geometry of the shield allows no magnetic field to be established within the shield, 

then all the magnetic flux induced by IS within the shield is linked to conductor 2. 

ଵଶௌܯ  ൌ ߮ܫௌ ൌ ܮௌ (2. 49) 

 where ĳ denotes the magnetic flux induced in the shield and LS denotes the self 

inductance of the shield connected to ground. Assuming that the induced voltage on 

conductor 2 can be expressed in the frequency domain using: 

By assuming that the induction due to I2 on conductor 2 can be neglected, the 

mutual inductance between conductor 1 and the shield would be: 

 ଶܸ ൌ ݆߱ሺܯଵଶܫଶ ൅ ܮௌሻ (2. 50) 

ଵଶௌܯ  ൎ  ଵଶ (2. 51)ܯ 
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Thus, 

where RS denotes the resistance of the shield. By substituting (2.52) into (2.50), the 

total induced voltage on conductor 2 can be simplified to be: 

 ଶܸ ൌ ଵܫଵଶܯ݆߱  ܴௌܮௌܴௌܮௌ ൅ ݆߱  (2. 53) 

From (2.53), at low frequencies, where the induced voltage is not affected by the 

shield, the induced voltage is given by: ߱ ൎ ͲǢ 
 ଶܸ ൌ  ଵ (2. 54)ܫଵଶܯ݆߱ 

Whereas at high frequencies, the induced voltage is given by: 

 ߱ ൎ ܴௌܮௌ Ǣ (2. 55) 

 ଶܸ ൌ ଵܫଵଶܯ݆߱  ܴௌܮௌ  (2. 56) 

The calculations in the example described are not valid if the lines become 

electrically long as it happens at very high frequencies. If the conductors are not in 

close proximity, ie: separated by a larger distance, the coupling is not regarded as 

simply capacitive or inductive coupling. At greater separations, energy from the 

sources of interference propagates in the form of electromagnetic waves that penetrate 

onto the victim line, thus causing EMI, ie: radiated interference. Depending on the 

distance between the source and the victim line, the radiated interference is further 

subdivided to near-field and far-field radiated interference. 

This thesis presents the coupling effects between coaxial cables both in the time 

and frequency domain. It describes the development of a shielded cable model suitable 

for implementation within a numerical model, based on the Transmission-Line 

ௌܫ  ൌ ݆߱ܯଵଶܫଵܴௌ ൅  ௌ (2. 52)ܮ݆߱ 
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Modelling Method (TLM). The model incorporates the appropriate coupling theory for 

the analysis of shielded cables, subject to crosstalk and radiated interference (EMI). 

Results presented here are concerned with identifying and quantifying factors affecting 

electromagnetic coupling through the construction of numerical models and their 

validation against measurements. 

 

2.3.1 Coupling between Two Coaxial Cables in Free Space 

The circuit topology used for this work is described by Thomas et al. [2.26]. The 

typical layout of a general case of near-end coupling between two coaxial lines in 

parallel to each other along a common path is shown in Figure 2.3.4. 

 

 

 

Figure 2.3.4: A layout of two coaxial cables along a common path in free space 

The cables have a constant separation, s, along the length, l, between the 

terminations. The nature of the terminations strongly affects the degree of cable 

coupling at high frequencies due to the stray reactance they introduce. In this case, the 

stray reactance introduced would mostly be inductive since the cables are terminated 

by a common brass connector plate at each end, creating an extra current loop. 

However, the effect of the terminations can only be estimated due to the geometric 

complexity of the terminations and insufficient information. Nevertheless, an 

experimental analysis is carried out to define the characteristics of the connector plates 

and its approximate inductance (see Chapter 3). The effect of the coupling path due to 

transfer admittance, YT, has not been included in this thesis since for a optimized 

braided shield cable (RG-58) its effects are deemed to be negligible (see section 2.2.1). 
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Figure 2.3.5: The equivalent circuit between two coaxial cables in parallel in free 

space [2.26] 

The equivalent circuit for the coupling path created by the cable braid’s transfer 

impedance is shown in Figure 2.3.5. In these analysis [2.3], [2.35] – [2.41], which will 

be the main concern for this investigation, only the source circuit is driven by VS. The 

coupling path between the two circuits is described by the current in the source circuit, 

IS, inducing a current in the tertiary circuit, It, which in turn induces a current, IV, in the 

victim circuit. The tertiary circuit is the conducting path formed by the outer sheath of 

the cables and the terminations. The victim current, IV, will then create a voltage 

across the terminations of the victim circuit, VV0. This voltage, VV0, is the usual 

measurable form of cable coupling. Splitting the three circuits (Source, Tertiary and 

Victim Circuits), the currents and voltages can be derived individually as depicted in 

Figure 2.3.6. 
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Figure 2.3.6: The individual source, tertiary and victim circuits 

Based on the analytical solution given by Thomas et al. [2.26], for low 

frequencies ሺߣ ب ݈ሻ, the voltage induced in the adjacent circuit is independent of the 

distance along the cable sheath, x. Thus, the equivalent circuit transmission line for 

low frequency coupling (Source, Tertiary and Victim) can be illustrated in Figure 

2.3.7. 

 

 

 

 

 



Theory of Cable Coupling  

 

35 
 

(a) 

 

 

 

 

 

(b) 

 

 

 

 

 

(c) 

 

 

 

 

Figure 2.3.7: Equivalent circuit for low frequency cable coupling for (a) Source (b) 

Tertiary (c) Victim circuits 
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The current IS, runs along the source circuit, and is given by: 

ௌܫ  ൌ ௌܸሺ݆߱ܮௗ݈ሻ ൅ ܴௌ ൅ ܴ௅ (2. 57) 

 Assuming that both cables are identical, ZT denotes the coaxial braid transfer 

impedance and x is the distance along the cable braid, the voltage gradient, EiS(x), 

induced by IS in (2.58) along the braid, with respect to x, can be equated as: 

ሻݔ௜ௌሺܧ  ൌ  ሻ (2. 58)ݔௌሺܫ்ܼ 

Since the tertiary circuit is terminated by a brass connector plate at each end, it is 

assumed that the connector plates possess finite impedance, which is approximated by 

an arbitrary inductive reactance, ZP (see Chapter 3). The induced current It due to the 

voltage gradient in (2.59) is then given by: 

௧ܫ   ൌ ௧ௗ݈ܮ௜ௌ݈ሺ݆߱ܧ  ൅ ʹܼ௉ሻ (2. 59) 

Similarly, the voltage gradient, Eit(x), induced by It in (2.47) can be equated by: 

ሻݔ௜௧ሺܧ  ൌ  ሻ (2. 60)ݔ௧ሺܫ்ܼ 

Finally, the induced current IV and voltage VV0 due to the voltage gradient in 

(2.61) and (2.62) are respectively given by: 

௏ܫ   ൌ ௗ݈ሻܮ௜௧݈ሺ݆߱ܧ  ൅ ܴ௏଴ ൅ ܴ௏௅  (2. 61) 

 ௏ܸ଴ ൌ ܫ௏ܧ௜௧ሺͲሻ (2. 62) 
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2.3.2 Coupling between Two Coaxial Cables via a Perfect Conducting Ground 

Plane 

Based on the configuration used in section 2.3.1, the presence of another cable or 

a ground plane will enable other current paths to form and reduce the coupling 

between two cables [2.41]. The typical layout of a general case of near-end coupling 

between two coaxial lines in parallel above a ground plane is shown in Figure 2.3.8. 

 

 

 

 

 

 

Figure 2.3.8: A layout of two coaxial cables along a common path above a conducting 

ground plane 

Similar to the coupling mechanism in section 2.3.1, the source line is driven by 

VS, and the coupling path between the two circuits can be observed using the voltage at 

the termination across the victim line, VV0. As illustrated in Figure 2.3.8, the two 

coaxial lines are terminated by a brass end plate at each end. However, the plates now 

provide an extra return current path between the coaxial braids and the third conductor 

– ground. The current It in section 2.3.1 has a form of a differential mode as the victim 

and source currents are of opposite signs. In the case of an additional metallic ground 

plane, the induced tertiary circuit current comprises two modes in the form of 

differential and common mode currents. The differential mode current, Itd, represents 

the circulating current loop between the two coaxial braids while the common mode 

current, Itc, represents the return path of the current loop between the coaxial braids 

and the metallic ground plane [2.4]. Therefore, the general equivalent coupling circuit 

for the two coaxial cables above a ground plane can be illustrated in Figure 2.3.9. 
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Figure 2.3.9: The equivalent circuit between two coaxial cables in the presence of a 

third conductor (ground plane) 

It is assumed that the brass end plates possess a finite impedance for both the 

common and differential modes. It is approximated in section 2.3.1 that the arbitrary 

impedance (differential mode) between the coaxial braids is represented by ZP. 

Another set of arbitrary impedances (common mode) approximated are Zts and Ztv, 

which represent the finite impedance between the coaxial braids and ground plane (see 

Chapter 3). If  the coaxial lines are identical, assuming that the current and charge is 

uniformly distributed around the surface area of the end plates, it can be deduced that: 

 ܼ௧௦ ൌ ܼ௧௩ (2. 63) 

Thomas et al. [2.26] derived an analytical solution to determine the degree of 

coupling of this system. Differential and common mode currents, Itd and Itc, on the 

cable sheaths are equated with respect to the currents on the sheaths of the source and 

victim cables, IS and IV; respectively, giving: 

 ൤ܫௌܫ௏൨ ൌ  ቂെͳ ͳͳ ͳቃ ൤ܫ௧ௗܫ௧௖ ൨ ൌ ሾܵሿ ൤ܫ௧ௗܫ௧௖൨ (2. 64) 
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where [S] represents the modal transformation matrix derived using the multimode 

model as described by Naylor and Christopoulos [2.4] and [2.52] (See Chapter 4). For 

low frequencies  ሺߣ ب ݈ሻ, the induced common and differential mode currents on the 

tertiary circuit cable sheaths are equated with respect to EiSl, derived from (2.46), 

giving: 

 ቂܧ௜ௌ݈Ͳ ቃ ൌ  ൤݆߱ ൤ܮௌ ெܮெܮ ௌܮ ൨ ൅ ሾܼ௧ௗሿ൨ ൤ܫ௧ௌܫ௧௏൨ (2. 65) 

where LS is the self inductance of the source and victim cable shields; LM is the mutual 

inductance between the source and victim cable shields; and [Ztd]  is the impedance 

matrix of the tertiary circuit terminations as depicted in Figure 2.3.7, in the form of: 

From (2.64), the victim current, IV, can be solved to obtain the induced voltage 

across the termination at the victim circuit using (2.62).  

 

2.3.3 Cable Coupling at High Frequencies 

For higher frequencies, the voltage per-unit length along the source cable braid 

will have a significant variation along the cable length due to propagation effects, 

which lead to resonances in the tertiary circuit and a significant increase in the degree 

of cable coupling. In this case, the coaxial line currents are no longer uniform and the 

high frequency analytical solution proposed by Thomas et al. [2.26] is derived. Based 

on Figure 2.3.6, for a general source cable with a series supply resistance, RS, and a 

load resistance of RL, the input source current, IS(0), with respect to source voltage, VS, 

is given by: 

 ሾܼ௧ௗሿ ൌ ێێێۏ 
ۍ ܼ௧௦ሺܼ௧௩ ൅ ܼ௉ሻܼ௉ ൅ ܼ௧௦ ൅ ܼ௧௩ ܼ௧௦ܼ௧௩ܼ௉ ൅ ܼ௧௦ ൅ ܼ௧௩ܼ௧௦ܼ௧௩ܼ௉ ൅ ܼ௧௦ ൅ ܼ௧௩ ܼ௧௩ሺܼ௧௦ ൅ ܼ௉ሻܼ௉ ൅ ܼ௧௦ ൅ ܼ௧௩ۑۑۑے

ې
 (2. 66) 

ௌሺͲሻܫ  ൌ ௌܸܴௌ ൅  ܼ ൤ܴ௅ ൅ ܼ ܼ ௌ݈ߛ     ൅ ܴ௅ ௌ݈ߛ     ൨ (2. 67) 



Theory of Cable Coupling  

 

40 
 

where Z denotes the characteristic impedance of the source cable and ȖS denotes the 

propagation constant of the coaxial cable, usually defined as: 

ௌߛ  ൌ ݑ݆߱  (2. 68) 

where u is the propagation velocity of the coaxial line, typically defined as two-thirds 

of c. Current IS(0) comprises of forward and backward propagating waves, giving: 

where ȡS denotes the boundary travelling wave reflection at the supply end, defined as: 

ௌߩ  ൌ ൤ܼ െ ܴ௅ ܴ௅ ൅ ܼ൨ ݁ିଶఊೞ௟ (2. 70) 

The current along the length of the source cable is then given by: 

ሻݔௌሺܫ  ൌ ሾ݁ିఊೄ௫ ൅ ߩௌ݁ఊೄ௫ሿܫௌା (2. 71) 

where IS
+ is derived from (2.67) and (2.70): 

ௌାܫ  ൌ ௌሺͲሻͳܫ  ൅ ௌߩ  ൌ  ሾܼ ൅ ܴ௅ሿ݁ఊೄ௟ ௌܸʹൣܴ௅൫ܼ ௌ݈ߛ     ൅ ܴ௅ ௌ݈൯ߛ     ൅  ܼ൫ܴ௅ ௌ݈ߛ     ൅ ܼ  ௌ݈൯൧ߛ    
(2. 72) 

 The tertiary circuit involving the coaxial braids and the victim cable will be 

equivalent to a segment of transmission lines with a distributed voltage source in 

series, illustrated in Figure 2.3.10. 

 

 

 

 

 

ௌሺͲሻܫ ൌ ሻ݀ݎܽݓݎ݋ௌା ሺ݂ܫ  ൅ ܫௌି  ሺܾܽܿ݇݀ݎܽݓሻ 
(2. 69) 

ௌିܫ  ൌ ߩௌܫௌା 
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Figure 2.3.10: Equivalent circuit of a section ∆x of a transmission line with a 

distributed series voltage source Ei(x) [2.26] 

The differential equations describing the induced voltage, Vi(x), and current, Ii(x), 

on the transmission line with a distributed series voltage source, Ei(x), are derived by 

Vance [2.31] and implemented by Thomas et al. [2.26], giving a general solution for 

the tertiary circuit to be: 

ሻݔ௧ሺܫ   ൌ  ሾܭଵ ൅ ܲሺݔሻሿ݁ିఊ௫ ൅ ሾܭଶ ൅ ܳሺݔሻሿ݁ఊ௫ (2. 73) 

where 

 ܲሺݔሻ ൌ ͳʹܼ஼ න ݁ఊ௨ܧ௜ሺݑሻ௫
଴  (74 .2) ݑ݀

 ܳሺݔሻ ൌ ͳʹܼ஼ න ݁ିఊ௨ܧ௜ሺݑሻ௫
଴  (75 .2) ݑ݀

where ZC denotes the characteristic impedance of the tertiary circuit and K1 and K2 

satisfies the boundary conditions; ݔ ൌ Ͳ and ݔ ൌ ݈, to give: 

ଵܭ  ൌ ଵߩ ቈߩଶܲሺ݈ሻ݁ିఊ௟ െ ܳሺͲሻ݁ఊ௟݁ఊ௟ െ ଶ݁ିఊ௟ߩଵߩ ቉ (2. 76) 

ଶܭ  ൌ ଶ݁ିఊ௟ߩ ቈߩଶܳሺͲሻ݁ିఊ௟ െ ܲሺ݈ሻ݁ఊ௟ െ ଶ݁ିఊ௟ߩଵߩ ቉ (2. 77) 

where the boundary travelling wave reflection coefficients, ȡ1 and ȡ2, are given by: 

I i(x) 
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ଵߩ  ൌ ߩଶ ൌ ܼ௉ െ ܼ஼ܼ௉ ൅ ܼ஼ (2. 78) 

Equation (2.73) is first applied to obtain the current of the surface of the coaxial 

braids, It, before applying it to obtain the current on the victim line, IV. The induced 

voltage across the termination of the victim line, VV0, can then be equated as:  

The cable coupling, C, is often quantified by the ratio of the received victim 

voltage to the source voltage, expressed as: 

 

2.4 Analysis of the Tertiary Circuit Parameters 

Both the RG-58 coaxial cables of same length are arranged in parallel to each 

other as shown in Figure 2.3.2. Since the current in source circuit is coupled to the 

tertiary circuit, which is eventually coupled to the victim circuit, it is crucial to model 

the tertiary circuit as realistically as possible. The modelling of the tertiary circuit is 

complex since all possible losses in the tertiary circuit can only be predicted through 

measurements due to the stray reactance the cables introduce. Assuming that the signal 

in the tertiary circuit is in free space, its velocity would be approximately the speed of 

light, c: ܿ ൌ ʹǤͻͻͺ ൈ ͳͲ଼ Ǣ  ଵିݏ݉     

 

2.4.1 Per-Unit Length Characteristic Impedance of the Tertiary Circuit  

A. Two-Conductor Transmission Line System 

The parameters of the parallel conductor lines shown in Figure 2.4.1 may be 

easily derived if the conditions are met, where the current and charge distribution on 

each conductor’s periphery is uniform. Therefore, the approximate equations are 

 ௏ܸ଴ ൌ ܴ଴௅ܫ௏ሺͲሻ (2. 79) 

ܥ  ൌ ʹͲ    ଵ଴ ൬ ௏ܸ଴ௌܸ ൰ Ǣ  ܤ݀    
(2. 80) 
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clearly true when the separation between the coaxial lines, s, is significantly greater 

than the coaxial braid radius, rm (ݏ ب  ௠ሻ, for each coaxial line, assuming that bothݎ

cables are identical, given by [2.4]: 

 

 

 

Figure 2.4.1: Two-conductor transmission line in free space 

For conditions when s is not symmetrically greater than rm, the currents and 

charges will not be uniformly distributed around the circumference, exact equations 

can be derived in [2.23] to give: 

௧ௗܮ  ൌ ߤ଴ߨ     ିଵ ௠ݎݏ  Ǣ  Ȁ݉ (2. 83)ܪ     

௧ௗܥ  ൌ ߝߨ଴    ିଵ ௠ݎݏ  Ǣ  Ȁ݉ (2. 84)ܨ     

Finally, the characteristic impedance, ZC, of the tertiary circuit can be obtained as: 

 

B. Two-Conductor Transmission Line System via an Infinite, Conducting 

Ground Plane 

The parameters of a two parallel conductor lines above ground can then be easily 

derived from Figure 2.4.2. Due to the metallic ground plane, an image of the two 

௧ௗܮ  ൌ ߨ଴ߤ   ൬ ௠൰ Ǣݎݏ  Ȁ݉ (2. 81)ܪ    

௧ௗܥ  ൌ ቀ  ߝߨ ௠ቁ Ǣݎݏ  Ȁ݉ (2. 82)ܨ    

 ܼ஼ ൌ ඨܮ௧ௗܥ௧ௗ  Ǣ     ȳȀ݉ (2. 85) 

rm 

s 
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conductors is reflected by the metallic ground plane, creating inductive and capacitive 

impedance between the real and the image of the conductors. Again, for conditions 

when s is significantly greater than rm (ݏ ب  ௠ሻ; and assuming that the ground plane isݎ

perfect and infinitely large, the inductance and capacitance per-unit length of the entire 

system is derived by [2.4]: 

 

 

 

 

 

 

 

 

 

 

Figure 2.4.2: Two-conductor transmission line above ground 

 ሾݍሿ ൌ  ሾܿሿሾݒሿ ൌ  ቂܿଵଵ ܿଵଶܿଶଵ ܿଶଶቃ ൤ ଵܸܸଶ൨ (2. 86) 

Assuming that both coaxial lines are identical, the capacitance coefficients are: 

 ܿଵଵ ൌ ܿଶଶ ൌ   ቀʹ݄ݎ௠ቁ ܣ  Ǣ  Ȁ݉ (2. 87)ܨ     

 ܿଵଶ ൌ ܿଶଵ ൌ െ   ቀݏܦቁ ܣ  Ǣ  Ȁ݉ (2. 88)ܨ     

where A can be derived as: 

ଵିܣ  ൌ ௠ቁቅଶݎ݄ʹ଴ቄ  ቀߝߨʹ  െ ቄ  ቀݏܦቁቅଶ (2. 89) 

2 1 

h 
D 

V2 V1 

Ground 

rm 

s 

Images 
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Therefore, the inductance matrix in per-unit length is given by: 

 ሾܮ௧ௗሿ ൌ ߨߤʹ ێێێۏ
௠ݎ݄ʹ  ۍ ݏܦ  ݏܦ   ௠ݎ݄ʹ   ۑۑۑے

Ǣ ې  Ȁ݉ (2. 90)ܪ    

 

2.5 Conclusions 

In this chapter, the theoretical knowledge of coaxial cable coupling via the 

characterisation of the tertiary circuit is presented. The cable coupling due to transfer 

impedance alone is considered as the effect of transfer admittance is negligible for 

non-optimised cable braids. A comparison is made between three different techniques 

(Tyni, Vance and Kley models) of the coaxial cable, where the best accuracy model by 

Kley is chosen. The coupling due to the transfer impedance occurs when the cables are 

laid in parallel along a common path. The two configuration investigated in this 

chapter were the coupling between two coaxial cables in free space and the coupling 

between two coaxial cables over a perfect conducting ground plane. By assuming that 

both cables are identical; and the metallic ground plane is perfect and infinitely large, 

the tertiary circuit were correspondingly derived in [2.4] for the two configurations 

investigated. 

 

References 

[2.1] Nahin, Paul J. (2002), Oliver Heaviside: The life, Work, and Times of 

an Electrical Genius of the Victorian Age, ISBN 0-8018-6909-9. 

[2.2] “Study of literature on coaxial cables and connectors with reference to 

RF losses and leakage,” ERA report 2848/1, August 1975. 

[2.3] S. Sali, F.A. Benson and J.E. Sitch, “General crosstalk equations 

between two braided coaxial cables in free space,” IEE Proceedings, vol. 130, 

pt. a, no. 6, September 1983. 



Theory of Cable Coupling  

 

46 
 

[2.4] Christopoulos, C., Principles and Techniques of Electromagnetic 

Compatibility, second edition, CRC Press, Taylor & Francis Group, 2007. 

[2.5] Schelkunoff. SA, “The electromagnetic theory of coaxial transmission 

lines and cylindrical shields,” Bell Syst. Tech. J., 1934, 13, (14), pp. 532 – 579. 

[2.6] H. Kaden, Wirbelstrome und Schirmung in der Nachrichtentechnik 

(Springer-Verlag, Berlin, 1959). 

[2.7] N. Marcuvitz, Waveguide Handbook, MIT Rad. Lab. Ser., Vol. 10 

(McGraw-Hill, New York, 1951). 

[2.8] Thomas Kley, “Optimized single-braided cable shields,” IEEE 

Transactions on Electromagnetic Compatibility, vol. 35, no. 1, February 1993. 

[2.9] S. Sali, “Experimental and analytical investigations of crosstalk 

between leaky cables,” Conference on Precision Electromagnetic 

Measurements Digest, June 1996, pp. 439 – 440. 

[2.10] M. Tyni, “The transfer impedance of coaxial cables with braided outer 

conductor,” in Wroclow EMC Symposium, 1976, pp. 410 – 419. 

[2.11] Edward F. Vance, “Shielding effectiveness of braided-wire shields,” 

IEEE Transactions on Electromagnetic Compatibility, vol. EMC-17, no. 2, 

May 1975, pp. 71 – 77. 

[2.12] Noel A. McDonald, “Simple approximations for the longitudinal 

magnetic polarizabilities of some small apertures,” IEEE Transactions on 

Microwave Theory and Techniques, vol. 36, no. 7, July 1988, pp. 1141 – 1144. 

[2.13] S. Sali, “Screening efficiency of triaxial cables with optimum braided 

shields,” IEEE Trans. EMC, vol. 32, 1990, pp. 125 – 136. 

[2.14] F. A. Benson, P. A. Cudd and J. M. Tealby, “Leakage from coaxial 

cables,” IEE Proc-A, vol. 139, no. 6, 1992, pp. 285-303. 

[2.15] E. Homann, “Geschirmte kabel mit optimalen geflectschirmen,” 

Nachrichtentechishe Zeitschrift, vol. 21, no. 3, pp. 155-161, 1968. 



Theory of Cable Coupling  

 

47 
 

[2.16] Charles N. McDowell and Melvin J. Bernstein, “Surface transfer 

impedance measurements on subminiature coaxial cables,” IEEE Transactions 

on EMC, vol. EMC-15, no. 4, Nov. 1973. 

[2.17] J. N. Katakis, Transfer Impedance of Wire Braided Coaxial Cables at 

Radio and Microwave Frequencies, MEng thesis, University of Sheffield, Feb. 

1983. 

[2.18] Thomas Kley, “Measuring the coupling parameters of shielded cables”, 

IEEE Trans. in EMC, vol. 35, no. 1, pp. 10 – 20, Feb. 1993. 

[2.19] N. Akeam and M. H. Karatas, “Measurement of transfer impedance and 

screening attenuation effects on cables using tri-axial method,” Intl. Journal on 

Technical and Physical Problems of Engineering, (IJTPE), iss. 10, vol. 4, no. 

1, Mar. 2012, pp. 103 – 107. 

[2.20] Jasper Goedbloed, Electromagnetic Compatibility, Philips Research 

Laboratories, Eindhoven, Prentice Hall International (UK) Ltd, 1992. 

[2.21] John D. Kraus, Electromagnetics, Fourth Edition, McGraw-Hill, Inc, 

1991 

[2.22] Clayton R. Paul, Introduction to Electromagnetic Compatibility, Wiley 

Series in Microwave and Optical Engineering, 1992. 

[2.23] C. R. Paul and S. A. Nasar, Introduction to Electromagnetic Fields, 2nd 

Edition, McGraw Hill, NY, 1987. 

[2.24] Anatoly Tsaliovich, Cable Shielding for Electromagnetic 

Compatibility, Van Nostrand Reinhold, 1995. 

[2.25] Clayton R. Paul, Analysis of Multiconductor Transmission Lines, John 

Wiley & Sons, Inc, 1994. 

[2.26] D. W. P. Thomas, C. Christopoulos, F. Leferink and H. Bergsma, 

“Practical measure of cable coupling,” Intl. Conf. on Electromagnetics in 

Advanced Applications, September 2009, pp. 803 – 806. 



Theory of Cable Coupling  

 

48 
 

[2.27] D. R. J. White and M. Mardiguian, A Handbook Series on EMI and 

Compatibility, Volume 3: Electromagnetic Shielding, 1988, Pub. Don White 

Consultants Inc. 

[2.28] David C. Chang, “Theory on small radiating apertures in the outer 

sheath of a coaxial cable,” IEEE Transactions on Antennas and Propagation, 

vol. AP-26, no. 5, September 1978, pp. 674 – 682. 

[2.29] Lothar O. Hoeft, “A simplified relationship between surface transfer 

impedance and more stirred chamber shielding effectiveness of cables and 

connectors,” EMC Europe 2002 International Symposium on EMC, Sorrento, 

Italy, September 2002, pp. 441 – 446. 

[2.30] Kendall F. Casey and Edward F. Vance, “EMP coupling through cable 

shields,” IEEE Transactions on Antennas and Propagation, vol. AP-26, no. 1, 

January 1978. 

[2.31] E. F. Vance, Coupling to Shielded Cables, Pub. A Wiley, 1978. 

[2.32] S. A. Schelkunoff and T. M. Odarenko, “Crosstalk between coaxial 

transmission lines,” Bell Syst. Tech. J., 1937, 26, pp. 144 – 164. 

[2.33] J. C. Isaacs, Jr. and N. A. Strakhov, “Crosstalk in uniformly coupled 

lossy transmission lines,” Bell Syst. Tech. J., January 1973, pp. 101 – 115. 

[2.34] R. P. Booth and T. M. Odarenko, “Crosstalk between conductors in 

cable,” Ibid., 1940, 19, pp. 358 – 384. 

[2.35] K. E. Gould, “Crosstalk in coaxial cables – analysis based on short-

circuited and open tertiaries,” Ibid., 1940, 19, pp. 341 – 357. 

[2.36] S. Sali, “A circuit-based approach for crosstalk between coaxial cables 

with optimum braided shields,” IEEE Transactions on EMC, vol. 35, no. 2, 

May 1993. 

[2.37] A. H. Badr, Prof. F.A. Benson and J. E. Stitch, “Interference between 

braided coaxial cables,” IEE Proceedings, vol. 128, no. 5, July 1981, pp. 347 

– 353. 



Theory of Cable Coupling  

 

49 
 

[2.38] S. Sali, Prof. F.A. Benson and J.E. Sitch, “Coupling in a dielectric-

coated multicoaxial-cable system, an analysis based on a quasi-tem model,” 

IEE Proceedings, vol. 131, no. 1, January 1984. 

[2.39] C. Smartt, S. Greedy, D.W.P. Thomas, C. Christopoulos, P. Sewell, 

“Modelling and measurement of crosstalk between shielded cables,” EMC-

Europe, Wroclaw, 2010. 

[2.40] Clayton R. Paul, “Computation of crosstalk in a multiconductor 

transmission line,” IEEE Transactions on EMC, vol. EMC-23, no. 4, 

November 1981. 

[2.41] A. H. Badr, Prof. F.A. Benson and J.E. Sitch, “Coupling between a pair 

of coaxial cables in a multicable system,” IEE Proc, vol. 128, pt. A, no.8, 

November 1981, pp. 547 – 551. 

[2.42] S. Sali, F. A. Benson and J. E. Sitch, “Coupling between multicoaxial 

systems – I General considerations and efficient numerical method for 

crosstalk,” IEE Proc., vol. 129, pt. A, no. 3, May 1982, pp. 162 – 166. 

[2.43] S. Sali, F. A. Benson and J. E. Sitch, “Coupling between multicoaxial 

systems – II Theoretical predictions of crosstalk and experimental results,” 

IEE Proc., vol. 129, pt. A, no. 3, May 1982, pp. 167 – 171. 

[2.44] A. H. Badr, Prof. F.A. Benson and J.E. Sitch, “Coupling between 

coaxial cables over a ground place at low frequencies,” IEE Proc. vol. 127, pt. 

A, no. 8, November 1980. 

[2.45] John N. Ellinas, “Coupling between braided coaxial cables over a 

ground plane,” Dept. Of Computer Engineering, TEI of Pireaus, P. Ralli & 

Thivon 250, Athens, Greece. 

[2.46] R. J. Mohr, “Coupling between open and shielded wire lines over a 

ground plane,” IEEE Transactions on EMC, vol. EMC-9, no. 2, September 

1967. 

[2.47] C. J. Smartt, S. Greedy, D.W.P. Thomas, C. Christopoulos and P. 

Sewell, “Shielded cable model development for time domain CEM 



Theory of Cable Coupling  

 

50 
 

techniques,” IET 8th Intl. Conf. on Computation in EMC (CEM 2011), April 

2011, pp. 1 – 2. 

[2.48] A. S. De C. Fernandes, “Propagation characteristics of a loose braid 

coaxial cable in free space,” The Radio and Electronic Engineer, vol. 49, no. 5, 

pp. 255-260, May 1979. 

[2.49] J. M. Tealby, P. A. Cudd and Prof. F. A. Benson, “Coupling between 

jacketed braided coaxial cables,” IEE Proceedings, vol. 134, pt. A, no. 10, 

Dec. 1987. 

[2.50] C. Gordon, “Time-domain simulation of multiconductor transmission 

lines with frequency-dependent losses,” IEEE Proc. Intl. Conf. on Computer 

Design: VLSI in Computers and Processors, Oct. 1992, pp. 222 – 228. 

[2.51] Colin Gordon, Thomas Blazeck and Raj Mittra, “Time-domain 

simulation of multiconductor transmission lines with frequency-dependent 

losses,” IEEE Transactions on Computer-Aided Design, vol. 11, no. 11, pp. 

1372-1387, Nov. 1992. 

[2.52] P. Naylor and Christopoulos C., “Coupling between electromagnetic 

fields and multimode transmission systems using TLM,” Intl. Journal of 

Numerical Modelling: Electronic Networks, Devices and Fields, vol. 2, pp. 227 

– 240, 1989. 

[2.53] S. Sali, “Modal technique for the time domain analysis of crosstalk 

between coaxial cables,” IEEE in Electronics and Communication Engineering 

Journal, vol. 1, no. 6, Nov. 1989, pp. 254 – 260. 

 

 

 

 

 

 



Experimental Measurements  

 

51 
 

CCHHAAPPTTEERR  33  

EEXXPPEERRIIMMEENNTTAALL  MMEEAASSUURREEMMEENNTTSS  

3.1 Introduction to Measurement Facilities and Instruments 

The crosstalk experiments presented in this chapter involve measurements in the 

frequency domain (FD) and the time domain (TD). The facilities and instruments used 

for the FD and TD measurements are shown in Figures 3.1.2 and 3.1.3, respectively. 

Experimental verifications are also carried out to estimate the stray reactance of the 

brass end plates for both common and differential modes of the tertiary circuit 

mentioned in Chapter 2. The instruments for this measurement are shown in Figure 

3.1.4. Standard connecting cables (SMA/BNC) are mainly used to provide input and 

output connections from one device to another, depicted in Figure 3.1.1. 

 

 

 

 

 

 

Figure 3.1.1: Typical SMA/BNC cables used to provide connections  

 

3.1.1 Frequency Domain (FD) Measurement Instruments 

Frequency domain measurements were performed with the following instruments 

and depicted in Figure 3.1.2: 

I Vector Network Analyser (VNA) 

 Series: E8326B 

 Frequency Range: 10MHz – 20GHz 
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 Input/output Impedance: 50Ω 

 Electronic Calibration Module: N4691-60003 

II  SMA/BNC Connecting Cables 

Two connecting cables of 1m in length are used to connect to the two ports of the 

VNA. The cables are calibrated with an electronic calibration module N4691-60003 

before conducting the experiment. The FD crosstalk (in dB) is obtained from the 

scattering parameter, S21, of the VNA readings. 

(a) (b) 

 

 

 

 

 

Figure 3.1.2: (a) Vector Network Analyser. (b) Electronic Calibration Module. 

 

3.1.2 Time Domain (TD) Measurement Instruments 

Time domain measurements were carried out using the following instruments and 

depicted in Figure 3.1.3: 

I Time-Domain Oscilloscope (TDO) 

 Series: MSO810A 

 Maximum Frequency: 1GHz 

 Minimum Voltage Scale: 1mV/div 

 Input/output Impedance: 50Ω 

II  Broadband Power Amplifier (AMP) 

 Series: ENI 604L 
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 Maximum Radio Frequency (RF) Input: 13dBm 

 Gain (G): 45dB 

 Frequency Range: 0.5 – 1000MHz 

III  Pulse Function Arbitrary Generator (PFAG) 

 Series: 81150A 

 Maximum Frequency: 120MHz 

 Input/output Impedance: 50Ω 

IV  Attenuator (ATT) 

 Attenuation: -30dB 

 Frequency Range: 0 – 18GHz 

V SMA/BNC Connecting Cables 

Two connecting cables of 2 meters and one connecting cable of 1m in length are 

used to connect to the input and output ports of the PFAG, TDO and AMP. The TD 

crosstalk (in V) is obtained from the TDO readings. 

(a) (b) 

  

 

 

 

(c) (d) 

 

 

 

Figure 3.1.3: (a) MSO series Time Domain Oscilloscope. (b) ENI series Broadband 

Power Amplifier. (c) Pulse Function Arbitrary Generator. (c) Attenuator 
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3.1.3 Stray Reactance Measurement in the Brass Plates Instruments 

Stray reactance of the brass end plates were measured using the following 

instruments and shown in Figure 3.1.4: 

I Time Domain Wide Bandwidth Oscilloscope (TDR) 

 Series: DCA 86100B 

 Time Domain Reflectometer Module Series Installed: 54754A 

 Input/output Impedance: 50Ω 

II  SMA/BNC Connecting Cables 

One connecting cable of 1m in length is used to connect to the output of the TDR 

module. The cable losses are ignored in the measurements. 

The stray reactance of the cable is observed through the reflection of the cable’s 

scattering properties shown on the TDR screen. 

 

 

 

 

 

 

 

Figure 3.1.4: DCA series Time Domain Wide Bandwidth installed with a Time 

Domain Reflectometer Module 

 

3.2 The Crosstalk Measurement Set Up 

The crosstalk measurement is carried out throughout using two RG-58 coaxial 

cables. The said coaxial cables are both 1.22m in length and clamped with a SMA 

bulk head male-connector at each end, shown in Figure 3.2.1. The coaxial cables are 

fixed through two brass connector end plates, where each plate has dimensions of 
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30cm in width by 30cm in length, which complete the current return path and act as 

means of physical support for the cables. The end plates used are made of brass, where 

multiple holes are drilled to allow for varying different centre-to-centre separations, 

ie: 2cm, 5cm, 10cm and 15cm between the two cables; and varying heights from the 

ground plane, ie: 11cm, 16.5cm, 21.5cm and 26.5cm; as illustrated in Figure 3.2.2. 

 

 

 

 

 

Figure 3.2.1: The two RG-58 coaxial cables with 1.22m in length 

(a) (b) 

 

 

 

 

 

(c) 

 

 

 

 

Figure 3.2.2: (a) Brass connector end plate. (b) The SMA bulk head connectors 

clamped onto the cables. (c) The SMA connectors fixed through the brass end plate. 
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3.2.1 Frequency Domain (FD) Measurement 

A. Coupling between Two RG-58 Coaxial Cables in Free Space 

The measurement arrangement used to obtain the crosstalk between two coaxial 

cables in free space is illustrated by Smartt et al. [3.1]. Figure 3.2.3 shows the actual 

experimental arrangement of two RG-58 coaxial cables in parallel to each other. The 

crosstalk measurements between the two cables are performed in an open laboratory 

space on a wooden bench top, clear from all possible external sources. The 

arrangement comprises of the source and victim cables terminated with 50Ω loads at 

each end. Note that there is no metallic ground plane involved in this experiment.  
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(a) 

 

 

 

 

 

(b) 

 

 

 

 

 

(c) (d) 

 

 

 

 

 

 

Figure 3.2.3: The arrangement of two RG-58 coaxial cables in free space. (a) Side 

view. (b) Plan view. (c) Back view. (d) 50Ω loads. 

The VNA is used to provide the signal source and detection. The source cable is 

connected to Port 1, where it acts as a transmitter, of the VNA and the victim cable is 
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in turn connected to Port 2 of the VNA, where it acts as a receiver. The VNA is set up 

to measure the degree of cable coupling or crosstalk, S21, in dB, sweeping over a 

frequency range of 10MHz to 1GHz with 1601 sample points. The instrument and test 

leads were calibrated with an electronic calibration module N4691-60003. The 

measurement set up together with the details of the brass connector end plates are 

illustrated in Figure 3.2.4. 

(a)  

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.4: (a) Details of the brass connector end plates. (b) The frequency domain 

crosstalk measurement set up for two RG-58 coaxial cables in free space. 
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Figures 3.2.5 – 3.2.8 show frequency domain measurement results of the coupling 

between two RG-58 coaxial cables in free space, with frequencies ranging from 

10MHz to 1GHz. 

 

 

 

 

 

 

 

Figure 3.2.5: FD measurement – Crosstalk between two RG-58 coaxial cables in free 

space with separation, s = 2cm 

 

 

 

 

 

 

 

 

 

Figure 3.2.6: FD measurement – Crosstalk between two RG-58 coaxial cables in free 

space with separation, s = 5cm 
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Figure 3.2.7: FD measurement – Crosstalk between two RG-58 coaxial cables in free 

space with separation, s = 10cm 

 

 

 

 

 

 

 

 

 

Figure 3.2.8: FD measurement – Crosstalk between two RG-58 coaxial cables in free 

space with separation, s = 15cm 
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B. Coupling between Two RG-58 Coaxial Cables via a Metallic Ground 

Plane 

The measurement arrangement used to obtain the crosstalk between two coaxial 

cables via a metallic ground plane is illustrated by Badr et al. [3.1] and [2.41]. Figure 

3.2.9 shows the actual experimental arrangement of two RG-58 coaxial cables in 

parallel to each other over an aluminium ground sheet of dimensions 0.5m in width by 

2m in length, which the brass connector end plates are placed on. The crosstalk 

measurements between the two cables are performed on the floor of an open 

laboratory space. The arrangement comprises of the source and victim cables 

terminated with 50Ω loads at each end. Note that this experiment involves a metallic 

ground plane. 
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(a) 

 

 

 

 

 

(b) 

 

 

 

 

 

(c) (d) 

 

 

 

 

 

Figure 3.2.9: The arrangement of two RG-58 coaxial cables above an aluminium 

ground plane. (a) Side view. (b) Plan view. (c) Back view. (d) Brass end plate placed 

on the aluminium ground plane. 

Similar to section 3.2.1A, Port 1 of the VNA is connected to the source cable 

while Port 2 is connected to the victim cable. The measurement set up is illustrated in 

Figure 3.2.10. 

 



Experimental Measurements  

 

63 
 

 

 

 

 

 

 

Figure 3.2.10: The frequency domain crosstalk measurement set up for two RG-58 

coaxial cables over an aluminium ground plane 

With frequencies ranging from 10MHz to 1GHz and keeping the height of the 

cables from the ground plane, h, constant at 11.5cm; Figures 3.2.11 – 3.2.14 show 

frequency domain measurement results for varying separations between the cables, s, 

(2, 5, 10 and 15cm).  In conjunction, by keeping the separation, s, constant at 5cm, 

Figures 3.2.15 – 3.2.17 show frequency domain measurement results by varying h 

(16.5, 21.5 and 26.5cm). 
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Figure 3.2.11: FD measurement – Crosstalk between two RG-58 coaxial cables in 

free space with separation, s = 2cm and height, h = 11.5cm 

 

 

 

 

 

 

 

 

 

Figure 3.2.12: FD measurement – Crosstalk between two RG-58 coaxial cables in 

free space with separation, s = 5cm and height, h = 11.5cm 
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Figure 3.2.13: FD measurement – Crosstalk between two RG-58 coaxial cables in 

free space with separation, s = 10cm and height, h = 11.5cm 

 

 

 

 

 

 

 

 

 

Figure 3.2.14: FD measurement – Crosstalk between two RG-58 coaxial cables in 

free space with separation, s = 15cm and height, h = 11.5cm 
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Figure 3.2.15: FD measurement – Crosstalk between two RG-58 coaxial cables in 

free space with separation, s = 5cm and height, h = 16.5cm 

 

 

 

 

 

 

 

 

 

Figure 3.2.16: FD measurement – Crosstalk between two RG-58 coaxial cables in 

free space with separation, s = 5cm and height, h = 21.5cm 
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Figure 3.2.17: FD measurement – Crosstalk between two RG-58 coaxial cables in 

free space with separation, s = 5cm and height, h = 26.5cm 

 

3.2.2 Time Domain (TD) Measurement 

A. Coupling between Two RG-58 Coaxial Cables in Free Space 

The experimental environment and measurement tools remained the same as the 

FD measurements carried out in section 3.2.1, the same configuration from Figure 

3.2.4 is used to obtain the time domain crosstalk measurement results for the coupling 

of two RG-58 coaxial cables in free space. The objective is to further validate the 

accuracy of the time domain numerical model. However, the VNA is replaced by a 

PFAG instead, where it functions to generate a signal source to one of the RG-58 

coaxial cables. A square wave source signal has been investigated, where the 

significance of the broadband frequency (square) waveforms can be observed (see 

Chapter 5). Since the crosstalk signal is relatively small, the AMP is used to amplify 

the source signal to a desired amplitude, which allows the output to then be observed 

from the adjacent cable on the same end using the TDO. The corresponding 

measurement set up is depicted as a flow diagram in Figure 3.2.18 and illustrated in 

Figure 3.2.19. 
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Figure 3.2.18: Flow diagram of the time domain crosstalk system 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.19: The time domain crosstalk measurement set up for two RG-58 coaxial 

cables in free space 

Note that the distance between the two connecting cables (BNC/SMA cables) 

leading from the RG-58 coaxial cables to the test equipments must be significantly 

larger than the separation s to prevent unwanted crosstalk interference. The first 2 

peak resonant frequencies were observed to be at approximately 118MHz and 

233MHz; as depicted in section 3.2.1A. With fundamental frequencies, 39.33MHz and 

46.67MHz, fed into the amplified square wave in Figure 3.2.18, Figures 3.2.20 – 

3.2.22 present their corresponding time domain measurement results for separations, s 

(2, 5 and 10cm), respectively. 
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Figure 3.2.20: TD measurement – Crosstalk of two RG-58 coaxial cables in free space 

for a separation, s = 2cm, and input of fundamental frequency (a) 39.33MHz. (b) 

46.67MHz. 
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Figure 3.2.21: TD measurement – Crosstalk of two RG-58 coaxial cables in free space 

for a separation, s = 5cm, and input of fundamental frequency (a) 39.33MHz. (b) 

46.67MHz. 
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Figure 3.2.22: TD measurement – Crosstalk of two RG-58 coaxial cables in free space 

for a separation, s = 10cm, and input of fundamental frequency 39.33MHz. 
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B. Coupling between Two RG-58 Coaxial Cables via a Metallic Ground 

Plane 

Similarly, the TD measurement set up for the coupling of two RG-58 coaxial 

cables via a ground plane follows the same configuration from Figure 3.2.6. Using the 

experimental instruments and flow diagram illustrated in section 3.2.2A, the 

corresponding measurement set up can be illustrated in Figure 3.2.23. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.23: The time domain crosstalk measurement set up for two RG-58 coaxial 

cables over an aluminium ground plane 

With an extra ground plane, this measurement set up applies the necessary 

conditions in section 3.2.2A. The first 2 peak resonant frequencies were observed to 

be at approximately 118MHz and 235MHz; as depicted in section 3.2.1B. With 

fundamental frequencies, 38.4MHz and 46.1MHz, fed into the amplified square wave; 

keeping the height, h, constant at 11.5cm, Figures 3.2.24 – 3.2.26 present time domain 

measurement results for various separations, s (2, 5 and 10cm); whereas Figures 

3.2.27 and 3.2.28 present time domain measurement results for various h (16.5cm and 

26.5cm) while keeping s constant at 5cm. 
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Figure 3.2.24: TD measurement – Crosstalk of two RG-58 coaxial cables via ground 

plane for separation, s = 2cm and height, h = 11.5cm; and input of fundamental 

frequency (a) 38.4MHz. (b) 46.1MHz. 
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Figure 3.2.25: TD measurement – Crosstalk of two RG-58 coaxial cables via ground 

plane for separation, s = 5cm and height, h = 11.5cm; and input of fundamental 

frequency (a) 38.4MHz. (b) 46.1MHz. 
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Figure 3.2.26: TD measurement – Crosstalk of two RG-58 coaxial cables via ground 

plane for separation, s = 10cm and height, h = 11.5cm; and input of fundamental 

frequency (a) 38.4MHz. (b) 46.1MHz. 

 



Experimental Measurements  

 

76 
 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x 10
-7

-4

-2

0

2

4
x 10

-3

Time / s

V
o

lt
a
g

e
 /

 V

 

 

Measurement
(s=5cm, h=16.5cm; f

0
=38.4MHz)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x 10
-7

-4

-2

0

2

4

x 10
-3

Time / s

V
o

lt
a
g

e
 /

 V

 

 

Measurement
(s=5cm, h=16.5cm; f

0
=46.1MHz)

(a) 

 

 

 

 

 

 

 

 

 

(b)  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.27: TD measurement – Crosstalk of two RG-58 coaxial cables via ground 

plane for separation, s = 5cm and height, h = 16.5cm; and input of fundamental 

frequency (a) 38.4MHz. (b) 46.1MHz. 
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Figure 3.2.28: TD measurement – Crosstalk of two RG-58 coaxial cables via ground 

plane for separation, s = 5cm and height, h = 26.5cm; and input of fundamental 

frequency (a) 38.4MHz. (b) 46.1MHz. 
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C. Non-Linearity of the Broadband Power Amplifier 

Throughout the experiment, it has been discovered that the ENI 604L broadband 

power amplifier does not provide a linear gain of 45dB. This effect can be observed 

through the change in the input signal after amplifying the signal through the 

amplifier, illustrated in Figure 3.2.29.  

 

 

 

Figure 3.2.29: Flow diagram showing the non-linearity effect of the broadband power 

amplifier 

where VIN represents the signal source input from the PFAG and V’IN represents the 

signal input distortion after passing through the amplifier; and VOUT represents the 

signal output on the TDO. 

For an example, suppose a 64mV peak voltage square wave of fundamental 

frequency 46.67MHz serves as an input signal from the PFAG, the signal is amplified 

through the AMP with a gain of approximately 45dB. However, to prevent the TDO 

from being damaged, the ATT of -30dB is connected to the output port of the AMP 

after signal amplification to attenuate the input signal. The flow diagram can be 

illustrated in Figure 3.2.30. 

 

 

 

Figure 3.2.30: An addition of an attenuator to observe the change in the input signal 

after amplification 
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Figure 3.2.31(a) shows the original input signal directly from the PFAG with a 

square wave of mean voltage peak at 64mV, VIN, while Figure 3.2.31(b) shows the 

distorted square wave after amplification with a voltage gain of 15dB, V’IN. 

(a) 

 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

Figure 3.2.31: Comparison between the square waves input signal (a) VIN. (b) V’IN. 
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3.3 External Impedance at the Brass Connector End Plates 

As presented in Chapter 2, both the source and victim circuits are the inner 

conductors and loads of the RG-58 coaxial cables while the tertiary circuit is an 

equivalent circuit between the braids, where it is terminated by a finite impedance due 

to the stray reactance the brass plates introduce. Brass is an alloy, made of copper and 

zinc, which serves as a good current carrying conductor and possess similar 

permittivity value with copper. 

Significant research has been done to measure and predict the crosstalk between 

two coaxial cables [3.3] – [3.22]. However, not much has been mentioned and 

explained about the terminations of the tertiary circuit, despite their significant effect 

on the degree of cable coupling. In most cases, the tertiary circuit is assumed to be 

connected together by either an arbitrary impedance or a short circuit at each end 

[3.3], [3.6], [3.7], [3.15], [3.16] and [3.19] – [3.22]. Therefore, in order to accurately 

model a more realistic cable coupling system, measurements are carried out to 

estimate the inductance associated with the termination, both for the differential and 

common mode tertiary circuit. The TDR module is used to detect reflections and 

calculation of the characteristic impedance of the cables as well as detecting the 

termination reflection and estimating the reactance due to discontinuities in the 

system, as a function of cable length [3.23]. 

 

3.3.1 Experimental Set Up to Measure the Excess Reactance in the Brass End 

Plates 

Since the tertiary circuit of the cable coupling system is formed from the outer 

braids of the two coaxial cables, the measurement set up is done by only connecting 

the outer braids of the coaxial cables to the brass end plates. This is done by cutting 

the inner conductor of one of the coaxial cables with the outer braid still intact. The 

outer braid is then soldered to a SMA connector centre pin using a copper wire since 

the inner conductor of a RG-58 coaxial cable is of copper material. This is shown in 

Figure 3.3.1. The return is then the outer braid of the victim cable or the ground plane. 
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Figure 3.3.1: Connection of the RG-58 coaxial cable’s outer braid to the SMA 

connector through a copper wire 

The reflections in the braids of the coaxial cables together with the approximation 

value of excess reactance are provided by the TDR module. Theoretically, a larger 

current loop yields larger characteristic reactance within the loop. This phenomenon 

causes a slight shift in the peaks of the crosstalk at resonant frequencies. Therefore, 

the separation between the cables, s, is varied to obtain its respective differential mode 

inductive reactance; while the height of the cable above ground, h, is varied to obtain 

its respective common mode inductive reactance. Figure 3.3.2 shows the direction of 

the tertiary current, It, in its differential and common modes, through the brass end 

plates. 
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Figure 3.3.2: Direction of the tertiary current, It. (a) Differential mode. (b) Common 

mode. 

 

A. Differential Mode 

The experimental set up for the differential mode excess inductance measurement 

is illustrated in Figure 3.3.3. In this experiment, two RG-58 coaxial cables are used. 

The length of the cables, l, used is 2m long and the separation of the two cables, s, is 

varied. The cables are connected to the brass end plates and one of them is connected 

to the TDR module. The excess reactance measured by the TDR module represents 

the differential mode complex impedance, ZP, in the brass plates.  
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Figure 3.3.3: Differential mode measurement set up to measure the excess reactance 

in the brass end plates 

 

B. Common Mode 

The experimental set up for the common mode excess inductance measurement is 

illustrated in Figure 3.3.4. In this experiment, one RG-58 coaxial cable is used. The 

length of the cable, l, used is 2m long and the height between the cable and the ground 

plane, h, is varied. The cable is connected to the brass end plates and to the TDR 

module. The excess reactance measured by the TDR module represents the common 

mode complex impedance, Zts and Ztv, in the brass plates. 
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Figure 3.3.4: Common mode measurement set up to measure the excess reactance in 

the brass end plates 

 

3.3.2 Results 

The results obtained show many reflections on the screen of the TDR module and 

is rather complicated. This is expected since the configurations actually form the 

tertiary circuit itself. Using the same connecting cables for all configurations, the 

connecting cable’s length is given by the region of the TDR plot showing its 

characteristic impedance, 50Ω. As defined in section 2.4.1 in Chapter 2, the 

characteristic impedance of each configuration is dependent on the height and 

separation between the cables. A pulse signal is transmitted from the TDR Module 

and is reflected back via the braid of the coaxial cables. The excess reactance in the 

brass end plates can be estimated from the spike of the reflection at the 50Ω load end 

of the cable.  

Since the brass end plates are assumed to be identical, the excess reactance 

measured at the far end of the brass plate is assumed to be similar to the near end brass 

plate. The TDR module includes a built in “excess reactance” feature where the 

parameter values can be extracted directly from the screen using markers. It models 
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the transmission line as a uniform transmission line having a single discontinuity, 

either a lumped inductor or lumped capacitor [3.23]. The position of the markers will 

define the region of discontinuity (at the terminations) where the capacitance or 

inductance will be extracted and the value can be determined. Since there are a lot of 

reflections, the excess reactance value presented on the screen varies. Hence, it is 

recommended that an average or approximate value is noted in order to implement this 

excess reactance in the numerical model. 

 

A. Differential Mode 

Figures 3.3.5 to 3.3.8 show the differential mode reflection of the cables in the 

tertiary circuit (see Figure 3.3.2a), with markers indicating the separation between the 

cables and its excess reactance in the brass plates for separations 2cm, 5cm, 10cm and 

15cm. 

 

 

 

 

 

 

 

 

Figure 3.3.5: The reflection of the tertiary circuit shown on the TDR module; distance 

between markers indicating a 2cm separation and an excess inductance of 

approximately 0.6nH in the brass plate, between the cables 
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Figure 3.3.6: The reflection of the tertiary circuit shown on the TDR module; distance 

between markers indicating a 5cm separation and an excess inductance of 

approximately 0.65nH in the brass plate, between the cables 

 

 

 

 

 

 

 

 

 

Figure 3.3.7: The reflection of the tertiary circuit shown on the TDR module; distance 

between markers indicating a 10cm separation and an excess inductance of 

approximately 1.5nH in the brass plate, between the cables 
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Figure 3.3.8: The reflection of the tertiary circuit shown on the TDR module; distance 

between markers indicating a 15cm separation and an excess inductance of 

approximately 5nH in the brass plate, between the cables 

The relationship between the differential mode excess inductance, LP, and the 

separation between the two RG-58 coaxial cables, s, is depicted in Figure 3.3.9 (see 

Chapter 2, section 2.3.1 for system configuration). 

 

Figure 3.3.9: Graph showing the relationship between differential mode excess 

inductance, LP, and the separation between the RG-58 coaxial cables, s 
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B. Common Mode 

Figures 3.3.10 to 3.3.13 show the common mode reflection of the cables in the 

tertiary circuit (see Figure 3.3.2b), with markers indicating the height of the cables 

over the metallic ground plane and its excess reactance in the brass plates for heights 

11.5cm, 16.5cm, 21.5cm and 26.5cm. 

 

 

 

 

 

 

 

 

Figure 3.3.10: The reflection of the tertiary circuit shown on the TDR module; 

distance between markers indicating a 11.5cm height and an excess inductance of 

approximately 1.2nH in the brass plate, over a metallic ground plane 
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Figure 3.3.11: The reflection of the tertiary circuit shown on the TDR module; 

distance between markers indicating a 16.5cm height and an excess inductance of 

approximately 2.2nH in the brass plate, over a metallic ground plane 

 

 

 

 

 

 

 

 

 

Figure 3.3.12: The reflection of the tertiary circuit shown on the TDR module; 

distance between markers indicating a 21.5cm height and an excess inductance of 

approximately 3.6nH in the brass plate, over a metallic ground plane 
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Figure 3.3.13: The reflection of the tertiary circuit shown on the TDR module; 

distance between markers indicating a 26.5cm height and an excess inductance of 

approximately 7.7nH in the brass plate, over a metallic ground plane 

The relationship between the common mode excess inductance, Lts, and the height 

of the RG-58 coaxial cable, h, above a metallic ground plane is depicted in Figure 

3.3.14 (see Chapter 2, section 2.3.2 for system configuration). 

 

Figure 3.3.14: Graph showing the relationship between common mode excess 

inductance, Lts, and the height of the RG-58 coaxial cable above a metallic ground 

plane, h 
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Since the excess inductances are successfully obtained from the TDR module, it is 

subsequently implemented into the numerical model presented in Chapter 4. Instead of 

using an arbitrary impedance values, the excess inductances extracted from the TDR 

module provide a more accurate tertiary circuit termination of the system for each 

case.  

 

3.4 Conclusions 

The crosstalk experiment together with the measurement configurations are 

introduced and presented. The configuration involves coupling measurements between 

two RG-58 coaxial cables in free space and over a metallic ground plane; with results 

obtained in both the time and frequency domains. Various measurement results were 

taken by varying the separation between the two cables and the height between the 

cables and the metallic ground plane. The external impedance of the connector plates 

are also measured using a Time Domain Reflectometer (TDR) to obtain an 

approximation of the tertiary circuit termination’s stray inductance, as presented in 

Chapter 2. Measurements were taken for both modes; the differential mode, formed by 

the external surfaces of the two cable braids as well as the connector plates; and the 

common mode, formed by the return path between the cable braid and the metallic 

ground plane. 
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CCHHAAPPTTEERR  44  

NNUUMMEERRIICCAALL  MMOODDEELLLLIINNGG  

The solution of electromagnetic problems can be found using two distinctive 

methods; analytical or numerical approach. Although the analytical method provides 

the most accurate solutions to most EMC problems, its application is limited to a 

selection of simple cases. In order to formulate solutions in most practical situations 

iterative numerical modelling is used. Thus, this leads to the development of 

computational electromagnetics, applied to a wide variety of practical EMC solutions 

[4.1] and [4.2]. 

In a general case, the constitutive analytical equations and boundary conditions 

significantly complicate both the formulation and solution of electromagnetic 

problems. It becomes more complicated when the medium is inhomogeneous and 

time-varying [4.5]. For example, the propagation of electromagnetic signals in 

dielectrics and semiconductor structures, such as interconnects. The solution of such 

EMC problems demands efficient time-domain numerical techniques.  

Numerical modelling is concerned with the representation of physical systems by 

specific quantities which are obtained by numerical methods [4.4]. For 

electromagnetic systems, it is generally required to obtain the electric and magnetic 

field within a volume of space, subject to specified boundary conditions. The 

investigation of these physical systems in time-varying media have led to the 

requirements of accurate, reliable and powerful computational tools in order to 

analyse the electromagnetic wave’s propagation, providing an insight into the 

interaction of both electric and magnetic fields with the physical properties of the 

specified space volume. 
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4.1 Time-Domain Numerical Techniques 

Maxwell’s equations are related to time and spatial variation of electromagnetic 

fields, but self-consistent only to electromagnetic fields in an infinite medium [4.6]. 

With modifications done by Maxwell to Gauss’, Ampere and Faraday’s laws [4.6] and 

with the assumption that the equations only depend on free charges and currents in 

their differential forms are given by: 

 Gauss’ law for electricity:   

Ǥ׏  ሬሬറܦ ൌ  (1 .4) ߩ

 Gauss’ law for magnetism:   

ሬറܤǤ׏  ൌ Ͳ (4. 2) 

 Faraday’s law of induction:   

׏  ൈ ሬറܧ ൌ  െ ݐሬറ߲ܤ߲  (4. 3) 

 Ampere’s law: 

׏  ൈ ሬሬറܪ ൌ ܬ ൅ ߲ܦሬሬറ߲ݐ  (4. 4) 

Numerical methods can be used to approximate solutions for Maxwell’s equations 

to a required good accuracy. The most commonly used time-domain numerical 

techniques include the Finite Difference Time Domain Method (FDTD) [4.2] and the 

Transmission Line Modelling Method (TLM) [4.1]. These methods are considered to 

be flexible and applicable to a wide range of EMC applications with a possible 

preference for a particular method being dependent on the structure under 

consideration. However, the studies require a fine mesh and for large dimensions these 

iterative numerical modelling techniques would be limited by the cost of long 

computational times and expensive memory requirements. 

In this chapter, numerical solutions based on the TLM method for the description 

of the coupling degree between two coaxial cables are presented. Using 1-

Dimensional TLM method, the system is modelled based on structures and factors 
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measured experimentally, resulting in a practical numerical solution in predicting the 

crosstalk of the system, as described in Chapters 2 and 3. 

 

4.2 One-Dimensional Transmission Line Modelling 

The theory of modelling a transmission line is overviewed to present the idea of 

interaction of the propagation of a signal in a basic transmission line, modelling 

procedure and computation for the one-dimensional case. The method of the basic 

one-dimensional TLM model is developed and described in great detail by 

Christopoulos [4.1]. This theory forms the basis of the following algorithm used 

within this thesis. 

The TLM method is a numerical differential time domain technique which 

employs a network of discrete transmission lines connected at scattering junctions in 

order to simulate the behaviour of a distributed system [4.7]. This is based on the 

analogy between the field quantities and lumped circuit equivalents, where the 

transmission line is discretized into mesh of segments, connected by nodes [4.1]. The 

field, represented by wave pulses are scattered in the nodes and propagate in the 

transmission lines, generating incident and reflected voltages. The TLM method can 

be logically implemented in four stages, which consists of the initial problem 

definition and housekeeping tasks, followed by the calculation of voltages and 

currents through a repetitive iteration of scattering and connection [4.1]. Initialization 

defines the sources and initial incident voltage wave values; scattering determines the 

reflected voltage waves at all nodes and connection exchanges the voltage pulses 

between adjacent nodes.  
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A simple transmission line network is shown in Figure 4.2.1.  

 

 

  

 

 

Figure 4.2.1: A simple section of transmission line network [4.1] 

Figure 4.2.1 gives the equivalent circuit of a section of a transmission line 

network system where L is the series inductance per-unit length; C as the shunt 

capacitance per-unit length and R as the series resistance per-unit length; and G is 

shunt conductance per-unit-length. For a lossless line the equivalent reduces to that 

given in Figure 4.2.2 with a fundamental line segment given in Figure 4.2.3. 

 

 

 

 

 

Figure 4.2.2: A simple lossless transmission line network 

 

 

 

 

 

 

Figure 4.2.3: A basic line segment 
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The basic line segment in the transmission line can be produced with a TLM 

equivalent as shown in Figure 4.2.4, with L and C replaced with a link line of 

impedance, Z, where 

 ܼ ൌ  ඨ(5 .4) ܥܮ 

and the propagation velocity along a line section is: 

ݑ  ൌ ͳξ(6 .4) ܥܮ 

 

 

 

 

Figure 4.2.4: The TLM model of the basic line segment [4.1] 

Let each section be of length ∆x such that the propagation time along the section 

is: 

The simulation of the voltages and currents can then be achieved by representing 

them as propagating waves or voltage pulses in each section as shown in Figure 4.2.5. 

 

 

 

 

 

 οݐ ൌ οݑݔ  (4. 7) 

Z 
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An illustration of part of the transmission line with several nodes taken into 

consideration is as shown in Figure 4.2.5. 

 

 

 

 

 

 

 

Figure 4.2.5: Four segments of nodes in a transmission line network 

For time-step k, there are voltage pulses going in from the right and left of each of 

the node known as the incident voltages while the reflected voltage pulses are going 

out from the right and left of each of the node. For example, in Figure 4.2.5, taking 

node n as a reference, kVLn
i (left) and kVRn

i (right) are the incident voltages going into 

the termination, node n. kVLn
r (left) and kVRn

r (right) are reflected voltages going out 

from the termination, node n. The Thevenin equivalent circuit for one node can be 

illustrated in Figure 4.2.6. 

 

 

 

 

 

 

 

 

Figure 4.2.6: The Thevenin Equivalent of a node, n, in a transmission line 
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Solving the Thevenin Equivalent circuit as illustrated in Figure 4.2.7 above, for 

each node, the following equation is obtained for the voltages and currents [4.8].  

    ൌ ܸ௞ ௡௜ܮ ൅ ܸ௞ ܴ௡௜  (4. 8) 

Similarly, the current of the node is given by: 

    ൌ    െ ʹ ܸ௞ ܴ௡௜ܼ  
(4. 9) 

By observing Figure 4.2.6, the reflected voltages into the lines on the left and on 

the right can be equated where: 

The equations (4.10) and (4.11) provide the scattering properties in a transmission 

line. With the knowledge of the incident voltages known at the first time-step, k, from 

the initial conditions of the equations, the incident voltages at the next consecutive 

time-step, which is k+1, can be obtained. The scattered pulses are then transmitted (or 

connected) to the adjacent nodes for the next time step using: 

 ܸ௞ାଵ ௡௜ܮ ൌ ܸ௞ ܴ௡ିଵ௥
 (4. 12) 

 ܸ௞ାଵ ܴ௡௜ ൌ ܸ௞ ௡ାଵ௥ܮ
 (4. 13) 

The general principles employed to find the conditions of each of the nodes on the 

transmission line, as explained above using node, n, as the reference node, can also be 

applied to find the source node, n = 1; and the load node, n = NT, with some small 

modifications. 

 

 

 

 

 

 ܸ௞ ܴ௡௥ ൌ     െ ܸ௞ ܴ௡௜  (4. 10) 

 ܸ௞ ௡௥ܮ ൌ     െ ܸ௞ ௡௜ܮ  (4. 11) 
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The equivalent circuit for the source node, n = 1, is illustrated in Figure 4.2.7. 

 

 

 

 

 

 

Figure 4.2.7: The Thevenin Equivalent circuit of a source node, n = 1 

From the Thevenin Equivalent circuit presented in Figure 4.2.7, by applying the 

same principles discussed above, it can be readily shown that: 

 

  ͳ ൌ  ௌܴܸௌ ൅ ʹ ܸ௞ ܴଵ௜ܼͳܴௌ ൅ ͳܼ  
(4. 14) 

For the scattering property of the source node, by applying similar principles, it 

can be readily shown that: 

 ܸ௞ ܴଵ௥ ൌ     െ ܸ௞ ܴଵ௜  (4. 15) 

 

 

 

 

 

 

 

+ 
2kVR1

i 

Z RS 

VS 

kV1 
kVR1 



Numerical Modelling  

 

102 
 

The equivalent circuit for the load node, n = NT, is illustrated in Figure 4.2.8. 

 

 

 

 

 

 

Figure 4.2.8: The Thevenin Equivalent circuit of a load node, n = NT 

Similarly, from the Thevenin Equivalent circuit in Figure 4.2.8, by applying the same 

principles, it is given that: 

     ൌ ʹ ܸ௞ ே்௜ܼͳܼܮ ൅ ͳܴ௅  (4. 16) 

For the scattering property of the load node, by applying similar principles, it is 

given that: 

4.2.1 Time Synchronisation 

For the problem of cable coupling described in Chapter 2, the source, tertiary and 

victim circuits are modelled individually using the 1-D TLM method. For ease of 

computation it is necessary for the time and space steps to be the same for all circuits 

in the transmission lines. The tertiary circuit insulation is mostly air in contrast to both 

the source and victim coaxial lines which have polymer insulation. The propagating 

velocities in both the source and victim circuits will then be different to the tertiary 

circuit. A method is required to synchronise the time steps used for modelling each of 

the circuit since the space step, ∆x, is fixed. By introducing a transmission line stub in 

 ܸ௞ ே்௥ܮ ൌ     െ ܸ௞ ே்௜ܮ
 (4. 17) 
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the source and victim lines to increase the capacitance per-unit length, it causes the 

total wave travelling along the mesh to travel at a velocity lower than that of the 

individual transmission lines. The amount of dispersion introduced by the 

transmission stub is calculated using the method presented by Naylor et al. [4.9]. 

Since the source circuit and the victim circuit both have a slower propagation speed 

due to the dielectric permittivity of the polymer insulation, a stub capacitance is 

implemented in each node of the source and victim circuit transmission lines in order 

to synchronise the propagation speed in all three circuits as shown in Figure 4.2.9. The 

propagation speed of both the source and victim lines can be calculated as: 

ݑ  ൌ ξܿߝ௥ (4. 18) 

(a) 

 

 

 

 

 

(b)  

 

 

 

 

 

 

Figure 4.2.9: Addition of a transmission line stub to reduce the propagation velocity 

of signal. (a) Transmission line. (b) Adjusted transmission line with a stub 

capacitance. 
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The propagation velocity of a transmission line in free space is: 

ሺ௔ሻݑ  ൌ ͳඥܮௗܥௗ ൌ ܿ 
(4. 19) 

The propagation velocity of a transmission line with stub capacitance can in turn 

be given as: 

The difference between the total capacitance (a) and the characteristic capacitance 

per unit length (b) is the value of the capacitance of the additional transmission line 

stub, which is given by: 

௦௧௨௕ܥ  ൌ ௧ܥ െ ܥௗ (4. 21) 

Therefore, since the value of İr and c are known and u(b) can be calculated from 

(4.20), then the values of Ld and Ct can be found, giving the value Cstub in (4.21). 

Therefore, the new characteristic impedance can be calculated as: 

 ܼ ൌ  ඨܮௗܥௗ (4. 22) 

Applying the above method with the TLM concept, the incident and scattering 

properties are calculated by constructing its Thevenin equivalent circuit shown in 

Figure 4.2.10: 

 

 

 

 

 

 

 

 

 

 

ሺ௕ሻݑ  ൌ ͳඥܮௗܥ௧ ൌ ξܿɂ୰ (4. 20) 
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Figure 4.2.10: The Thevenin equivalent circuit of the implementation of a stub 

capacitance in the source and victim lines 

where the stub impedance Zstub is formulated as: 

 ܼ௦௧௨௕ ൌ οܥʹݐ௦௧௨௕ο(23 .4) ݔ 

The total voltage can then be calculated as: 

 

௡ܸ௞ ൌ ʹ ௦ܸ௧௨௕௜ܼ௦௧௨௕ ൅ ௜ܼܮܸʹ ൅ ʹܸܴ௜ܼͳܼ௦௧௨௕ ൅ ͳܼ ൅ ͳܼ  (4. 24) 

The scattering properties would then be: 

௥ܮܸ  ൌ ௡ܸ௞ െ  ௜ (4. 25)ܮܸ 

 ܸܴ௥ ൌ ௡ܸ௞ െ  ܸܴ௜ (4. 26) 

 ௦ܸ௧௨௕௜ ൌ ௡ܸ௞ െ ௦ܸ௧௨௕௜  (4. 27) 

 

4.2.2 Numerical Modelling of the Surface Transfer Impedance 

As presented in Chapter 2, the transfer impedance of the coaxial lines braid is 

modelled using the Kley model [2.8]. The coupling path from one circuit to another is 

+ + + 

Zstub Z Z 

+ + + 

2kVRn
i 2kVLn

i 2kVstub
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numerically modelled through the frequency dependent models of the transfer 

impedance. Typically, the coupling path of the coaxial cables is driven by the source 

circuit, leading to an additional source voltage in the tertiary and victim circuits in 

each node, which also applies for the transition between tertiary to the victim circuit. 

Current driven voltage source model is depicted in Figure 4.2.11, for which the 

absolute value of the braid’s transfer impedance, ZT, is used to describe the coupling 

path driven by the source circuit with current, IS. 

 

 

 

Figure 4.2.11: Single frequency model 

Two different broadband frequency models are considered to validate the 

modelling of the transfer impedance, ZT: stub inductance model and digital filter. This 

then describes the coupling path between the source circuit and tertiary circuit and the 

coupling path between the tertiary circuit and the victim circuit, where the value of ZT 

is frequency dependent. 

 

A. Stub Inductance Model 

Adapted from Christopoulos [4.1], a stub inductor is used to describe ZT, where it 

is designed to be frequency dependent in TLM methods. The stub representing the 

inductance of the braid’s transfer impedance, LT, is terminated by a short circuit. 

From Figure 4.2.11, ZT is described as an L-R circuit with a source current 

flowing, IS, giving: 

 

 

 

 

 

 ்ܼ ൌ ்ܴ ൅  (28 .4) ்ܮ

IS |ZT| 
+ 



Numerical Modelling  

 

107 
 

 Figure 4.2.12 illustrates how the stub inductance is introduced. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.12: Implementing a stub inductance to the transfer impedance 

where RT and LT are defined from (4.28) as: 

where ZR, ML, MG and LS are as described by the Kley model in Chapter 2, section 

2.2.3. 

 ்ܴ ൌ ܼோ (4. 29) 

்ܮ  ൌ ௅ܯ ൅ ீܯ ൅  ௌ  (4. 30)ܮ
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The voltages from Figure 4.2.12 are calculated as follows: 

 ௅ܸ ൌ ʹ்ܸ௜  ൅ ܫௌܼ௓் (4. 31) 

 ்ܸ ൌ ௅ܸ ൅  ௌ்ܴ (4. 32)ܫ

where ZZT is given by: 

 ܼ௓் ൌ ݐο்ܮʹ  (4. 33) 

The scattering property is obtained as follows: 

 ்ܸ௥ ൌ ௅ܸ െ ்ܸ௜  (4. 34) 

The incident voltage at the next time-step is then: 

 ்ܸ௜ ൌ െ ்ܸ௥௞௞ାଵ  (4. 35) 

where VT is then the source voltage for the victim circuit node.  

 

B. Digital Filter Model 

The digital filter is another technique of modelling the broadband frequency of 

the coaxial braid’s transfer impedance. Similar to the stub inductance technique 

developed by Christopoulos [4.1], the digital filter operates by using the bilinear z-

transform method. The bilinear transform is a first-order approximation of the natural 

algorithm function that is an exact mapping of the z-plane to the s-plane. When 

Laplace transform is performed on a discrete-time signal, with each element of the 

discrete-time sequence attached to a correspondingly delayed unit impulse, the result 

is precisely the z-transform of the discrete-time sequence with a substitution of  [4.12]: 

ݖ  ൌ ݁௦ο௧ ൌ ݁௦ο௧ଶ݁ି௦ο௧ଶ ൎ ͳ ൅ ͳʹݐοݏ െ ʹݐοݏ  (4. 36) 
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where ∆t is the numerical integration of the time step size of the trapezoidal rule used 

in the bilinear transform derivation. Therefore, in the s-plane, the approximation for 

the bilinear transform can be given as: 

ݏ  ൌ ͳοݐ ݖ   ൌ οʹݐ ቈݖ െ ͳݖ ൅ ͳ ൅ ͳ͵ ൬ݖ െ ͳݖ ൅ ͳ൰ଷ ൅ ͳͷ ൬ݖ െ ͳݖ ൅ ͳ൰ହ ൅ ͳ͹ ൬ݖ െ ͳݖ ൅ ͳ൰଻ ൅ ڮ ቉ (4. 37) 

 ൎ οʹݐ ͳ െ ଵͳିݖ ൅   ଵିݖ

The implementation of the digital filtering technique for the braid’s transfer 

impedance can be derived in equations (4.38) – (4.40). 

 

 

 

 

 

Figure 4.2.13μ Coaxial braid’s transfer impedance, ZT, with a source current, IS 

From Figure 4.2.13: 

 ்ܸ ൌ ௌሺ்ܴܫ  ൅  ሻ (4. 38)்ܮݏ 

where s is described in (4.37), thus, giving: 

 ்ܸ ൌ ௌܫ ቊ்ܴ ൅ οʹݐ ͳ െ ଵͳିݖ ൅ ଵିݖ ቋ்ܮ ൌ ௌ்ܴܫ ൅ οʹݐ ͳ െ ଵͳିݖ ൅ ଵିݖ  (39 .4) ்ܮௌܫ

After further simplifying (4.40), the final equation to calculate VT is given by: 

 ்ܸ ൌ ௌܫ  ൬்ܴ ൅ ʹ்ܮοݐ ൰ ൅ ିݖଵ ൜ܫௌ ൬்ܴ െ ʹ்ܮοݐ ൰ െ ்ܸ ൠ (4. 40) 

where z-1 denotes a delay in time step or previous time step. 
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4.3 Numerical Model of Two Coaxial Cables in Free Space 

The case of crosstalk between two coaxial cables in free space is explained in 

Chapter 2. Numerically, the coupling modelled by the transfer impedance of the 

coaxial braid in both the tertiary and victim circuits create a source voltage, VT, as 

illustrated in Figures 4.3.1 and 4.3.2, respectively. L and R indicate the line to the left 

and right respectively, at node n, at time step k. 

 

 

 

 

 

 

 

Figure 4.3.1: A node in the tertiary circuit where the coupling path is modelled by the 

braid’s transfer impedance, VT 

Solving its Thevenin equivalent, the total voltage of the node of the victim circuit 

is given by: 

 

௡ܸ௞ ൌ ʹ ௡௜௞ܼܮܸ ஼ ൅ ʹ ܸܴ௡௜௞ െ ்ܸܼ஼ʹܼ஼  (4. 41) 

The reflected voltages would then be given by: 

௡௥௞ܮܸ  ൌ ௡ܸ௞ െ ܸܮ௡௜௞  (4. 42) 

 ܸܴ௡௥௞ ൌ ௡ܸ௞ െ ܸܴ௡௜௞  ൅  ்ܸ  (4. 43) 
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Figure 4.3.2: A node in the victim circuit where the coupling path is modelled by the 

braid’s transfer impedance, VT 

Similarly, solving its Thevenin equivalent of the tertiary circuit, the total voltage 

of the node is given by: 

 

௡ܸ௞ ൌ ʹ ௦ܸ௧௨௕௜௞ܼ௦௧௨௕ ൅ ʹ ௡௜௞ܼܮܸ  ൅ ʹ ܸܴ௡௜௞ െ ்ܸܼͳܼ௦௧௨௕  ൅  ʹܼ  (4. 44) 

The reflected voltages would then be given by: 

 ௦ܸ௧௨௕௥௞ ൌ ௡ܸ௞ െ ௦ܸ௧௨௕௜௞  (4. 45) 

௡௥௞ܮܸ  ൌ ௡ܸ௞ െ ܸܮ௡௜௞  (4. 46) 

 ܸܴ௡௥௞ ൌ ௡ܸ௞ െ ܸܴ௡௜௞  ൅  ்ܸ  (4. 47) 

Subsequently, the victim circuit current, IV, obtained is used to calculate the 

coupling degree of the two coaxial cables, giving (from Chapter 2): 

 

 

 
௏ܸ଴ ൌ ௞ܫ ௏ଵܴ଴௅ (4. 48) 
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The flow chart of the simulation procedure is presented in Figure 4.3.3: 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.3: A flow chart showing the simulation procedure of the numerical 

approach. 
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4.3.1 Comparison between the Digital Filter and Stub Inductance Model of the 

Surface Transfer Impedance 

Simulation was performed using the 1D TLM model developed on the crosstalk 

of two RG-58 coaxial cables in free space. The cell dimension, ∆x, was chosen to be 

0.01m. The cables are both 1.22m long and divided into 122 segments. The inner 

conductor of the source circuit is excited by a Gaussian voltage, VS, in series with a 

50Ω resistance. The inner conductors of the source and victim circuits are terminated 

with a 50Ω resistance. The voltage at the victim circuit, VV0, is obtained. Hence, the 

crosstalk between the two cables, S21, can be calculated from: 

  ଶଵ ൌ ʹͲ    ଵ଴ ተተ  ୚଴෪ ୗ෪ ʹൗ ተተ (4. 49) 

where the accent ~ denotes Fourier Transformed quantities. 

The numerical model was simulated for 16384 time-steps. Figures 4.3.4 – 4.3.7 

present the crosstalk comparison of the two modelling techniques incorporating only 

the surface transfer impedance – Digital Filter Model and Stub Inductance Model. It is 

shown that both the digital filter and stub impedance models match exactly with each 

other. 
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Figure 4.3.4: The crosstalk comparison of two modelling techniques of the surface 

transfer impedance for a separation, s = 2cm 

 

 

 

 

 

 

 

 

Figure 4.3.5: The crosstalk comparison of two modelling techniques of the surface 

transfer impedance for a separation, s = 5cm 
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Figure 4.3.6: The crosstalk comparison of two modelling techniques of the surface 

transfer impedance for a separation, s = 10cm 

 

 

 

 

 

 

 

 

Figure 4.3.7: The crosstalk comparison of two modelling techniques of the surface 

transfer impedance for a separation, s = 15cm 
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4.4 The Multimode Model 

The principles of propagation in two coaxial cables above ground system are 

studied in detail in order to establish the main features of propagation in a 

multiconductor system. This treatment is followed by a generalization to more 

complex configurations [4.3]. In a case of two coaxial cables above ground shown in 

Figure 2.3.6 in Chapter 2, the coaxial braids each possess a self-capacitance, C1, to 

ground, self-inductance, LS, and with a mutual capacitance and inductance between 

the braids, C2 and M, respectively, illustrated in Figure 4.4.1. 

Christopoulos [4.3] and Naylor et al. [4.9] noted that the matrix products of (4.58) 

and (4.59) are not diagonal, implying that the total voltage and current on any coaxial 

braid line is dependent on the voltages and currents on all the lines and that part of the 

electromagnetic energy are transported at different modes of propagation velocities. In 

order to incorporate the multimode into the TLM model, it is necessary to first 

decouple the line interaction using a suitable transformation matrix.  

 

  

 

 

 

 

 

 

Figure 4.4.1: An illustration of two coaxial cables above a ground plane system 
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By applying Kirchoff’s Voltage Law (KVL), the following relationships can be 

derived: 

By applying Kirchoff’s Current Law (KCL), the following relationships can be 

given as: 

 െ ݔଵ߲ܫ߲ ൌ ଵܥ   ߲ ଵܸ߲ݐ ൅ ଵଶܥ ߲ ଵܸ߲ݐ െ ଵଶܥ ߲ ଶܸ߲ݐ  (4. 52) 

 െ߲ܫଶ߲ݔ ൌ ଵܥ   ߲ ଶܸ߲ݐ ൅ ଵଶܥ ߲ ଶܸ߲ݐ െ ଵଶܥ ߲ ଵܸ߲ݐ  (4. 53) 

Rearranging equations (4.50) – (4.53), simplifying them in matrix form gives: 

 െ൤߲ܸ߲ݔ൨ ൌ  ሾܮሿ ൤߲ݐ߲ܫ൨ (4. 54) 

 െ ൤߲ݔ߲ܫ൨ ൌ  ሾܥሿ ൤߲ܸ߲ݐ ൨ (4. 55) 

where 

 ሾܮሿ ൌ  ൤ܮௌ ܯܯ  ௌ൨ (4. 56)ܮ

 ሾܥሿ ൌ  ൤ܥଵ ൅ ܥଵଶ െܥଵଶെܥଵଶ ଵܥ ൅ ܥଵଶ൨ (4. 57) 

For the tertiary circuit, [L] and [C] are as given in Chapter 2, section 2.4.1B. The 

derivatives of equations (4.54) and (4.55) are then given by: 

 െ߲ ଵܸ߲ݔ ൌ ௌܮ  ݐଵ߲ܫ߲ ൅ ଵଶܯ ݐଶ߲ܫ߲   (4. 50) 

 െ߲ ଶܸ߲ݔ ൌ ଵଶܯ  ݐଵ߲ܫ߲  ൅ ௌܮ ݐଶ߲ܫ߲  (4. 51) 

 െ ቈ߲ଶܸ߲ݔଶ቉ ൌ  ሾܮሿሾܥሿ ቈ߲ଶܸ߲ݐଶ ቉ (4. 58) 

 െቈ߲ଶݔ߲ܫଶ቉ ൌ  ሾܥሿሾܮሿ ቈ߲ଶݐ߲ܫଶ቉ (4. 59) 
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Hence, simplifying equations (4.58) and (4.59) gives: 

 െቈ߲ଶܸ߲ݔଶ቉ ൌ  ሾܮሿሾܥሿ ቈ߲ଶܸ߲ݐଶ ቉ (4. 60) 

where 

Equation (4.63) indicates that voltages V1 and V2 are coupled through the off-

diagonal elements b [4.3]. It is convenient to introduce a set of new modal voltages, 

Vm1 and Vm2, where the transmission lines are decoupled. The new modal voltages are 

related to V1 and V2 through a transformation matrix S, given by [4.3]: 

 ൤ ଵܸܸଶ൨ ൌ  ሾܵሿ ൤ ௠ܸଵ௠ܸଶ൨ (4. 63) 

where matrix S can be defined as: 

By substituting (4.63) into (4.60) and through calculations of the elements of the 

matrix known as eigenvalues and eigenvectors, the variation of the two modal 

voltages can be described in equations (4.65) and (4.66) as: 

 ߲ଶ ௠ܸଵ߲ݔଶ ൌ ሺܽ ൅ ܾሻ ߲ଶ ௠ܸଵ߲ݐଶ  
(4. 65) 

 ߲ଶ ௠ܸଶ߲ݔଶ ൌ ሺܽ െ ܾሻ ߲ଶ ௠ܸଶ߲ݐଶ  
(4. 66) 

Equations (4.67) and (4.68) describe the two independent modes of propagation, 

where the propagation velocity for modes 1 and 2 are respectively expressed as: 

 ሾܮሿሾܥሿ ൌ  ቂܽ ܾܾ ܽቃ (4. 61) 

 ቂܽ ܾܾ ܽቃ ൌ  ൤ܮௌሺܥଵ ൅ ଵଶሻܥ െ ଵଶܥܯ ଵܥሺܯ ൅ ଵଶሻܥ െ ଵܥሺܯଵଶܥௌܮ ൅ ଵଶሻܥ െ ଵଶܥௌܮ ଵܥௌሺܮ ൅ ଵଶሻܥ െ  ଵଶ൨ (4. 62)ܥܯ

 ሾܵሿ ൌ  ൤ܵଵଵ ܵଵଶܵଶଵ ܵଶଶ൨ (4. 64) 
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ଵݑ  ൌ ͳξܽ ൅ ܾ (4. 67) 

ଶݑ  ൌ ͳξܽ െ ܾ (4. 68) 

Since the modal voltages are related to the actual line voltages, the transformation 

matrix S can be equated in (4.69) as: 

 ሾܵሿ ൌ  ቂͳ ͳͳ െͳቃ (4. 69) 

Through diagonalisation, the common and differential mode signals of the modal 

voltages are equated as: 

 ൤ ଵܸܸଶ൨ ൌ  ቂͳ ͳͳ െͳቃ ൤ ௠ܸଵ௠ܸଶ൨ ൌ  ൤ ௠ܸଵ ൅ ௠ܸଶ௠ܸଵ െ ௠ܸଶ൨ (4. 70) 

Hence: 

For simplicity, substituting in the values for [L] and [C] as given in section 

2.4.1B, it is found that ܾൌ Ͳ; so that the velocity of  propagation for both modes are 

the same and correspond to the speed of light, c. 

Naylor [4.9] et al. presented the modal currents in a more direct approach that is 

more convenient for numerical applications. Simplifying equations (4.58) and (4.59) 

give: 

Similarly, by introducing new sets of modal currents, the new modal currents are 

related to I1 and I2 through a transformation matrix Q, given by [4.9]: 

 ൤ܫଵܫଶ൨ ൌ  ሾܳሿ ൤ܫ௠ଵܫ௠ଶ൨ (4. 74) 

 

 ଵܸ ൌ ௠ܸଵ ൅ ௠ܸଶ (4. 71) 

 ଶܸ ൌ ௠ܸଵ െ ௠ܸଶ (4. 72) 

 െቈ߲ଶݔ߲ܫଶ቉ ൌ  ሾܥሿሾܮሿ ቈ߲ଶݐ߲ܫଶ቉ (4. 73) 
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where 

 ሾܳሿ ൌ  ሼሾܵሿିଵሽ் ൌ ͳʹ ቂͳ ͳͳ െͳቃ (4. 75) 

By comparison with (4.74), the current equations are given by: 

The modal impedance, Zm, which relates modal voltages to modal currents, is 

required. The equation relating actual line quantities with modal voltages is given by: 

As the modal voltages vary as a function of time, space and velocity [4.9], they 

can be given by: 

Substituting: 

௦ݔ  ൌ ݔ െ  (80 .4) ݑݐ

Then: 

 ߲ ௠ܸ߲ݐ ൌ  ߲ ௠ܸ߲ݔ௦ ݐ௦߲ݔ߲ ൌ  െݑ ߲ ௠ܸ߲ݔ௦  (4. 81) 

Hence, (4.81) can be written as: 

By integrating (4.82) with respect to distance, xs, it becomes: 

ଵܫ  ൌ ͳʹ ሺܫ௠ଵ ൅  ௠ଶሻ (4. 76)ܫ

ଶܫ  ൌ ͳʹ ሺܫ௠ଵ െ  ௠ଶሻ (4. 77)ܫ

 െ൤߲ݔ߲ܫ൨ ൌ ሾܥሿሾܵሿ ൤߲ ௠ܸ߲ݐ ൨ (4. 78) 

 ௠ܸ ൌ ݂ሺݔ െ  ሻ (4. 79)ݑݐ

 െ൤ ௌ൨ݔ߲ܫ߲ ൌ െሾܥሿሾܵሿሾݑሿ ൤߲ ௠ܸ߲ݔ௦ ൨ (4. 82) 

 ሾܫሿ ൌ ሾܥሿሾܵሿሾݑሿ න ൤߲ ௠ܸ߲ݔ௦ ൨ ௌݔ݀ ൌ ሾܥሿሾܵሿሾݑሿሾ ௠ܸሿ (4. 83) 
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Substituting (4.81) to (4.83), gives: 

Hence: 

 ሾ ௠ܸሿ ൌ ሾݑሿିଵሾܵሿିଵሾܥሿିଵሾܳሿሾܫ௠ሿ (4. 85) 

where the modal characteristic impedance ሾܼ௠ሿ is given by: 

 ሾܼ௠ሿ ൌ  ሾݑሿିଵሾܵሿିଵሾܥሿିଵሾܳሿ (4. 86) 

After derivation, (4.86) gives: 

 

4.4.1 Implementation of the Multimode Model into TLM Model 

The first step in computation is to obtain the modal components and the 

corresponding propagation velocities for each mode. The system is then separated into 

external coupling regions, mode conversion and mode propagation regions, shown in 

Figure 4.4.2 [4.3]. Between the coupling regions propagation of the modal quantities 

takes place along fictitious conductors chosen to sustain the independent propagation 

of each mode [4.9]. At each segment ∆x, the modal voltages and currents are 

converted to line components and are combined with the source term for external 

coupling from the adjacent source braid. The resulting victim braid components are 

then converted into modal components, which propagate along the two coaxial braids 

represented by appropriate modal impedances. Reconversion to modal quantities is 

then implemented to allow propagation to the next coupling region. This process is 

repeated for the total number of segments in the TLM model. 

 

 

 

 ሾܳሿሾܫ௠ሿ ൌ ሾܥሿሾܵሿሾݑሿሾ ௠ܸሿ (4. 84) 

 ൤ܼ௠ଵܼ௠ଶ൨ ൌ ͳͶ ൜ ͳݑଵݑଶൠ ቊ ͳܥଵଶ െ ଵଶଶܥ ቋ ൤ʹሺݑଶܥଵ െ ଵଶሻܥଶݑ ͲͲ ʹሺݑଵܥଵ ൅  ଵଶሻ൨ (4. 87)ܥଵݑ
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Figure 4.4.2: Model of multimode propagation on the source braid coupled to the 

victim braid through the surface transfer impedance VT1 and VT2. 

Thus, for each of the braids of the source and victim coaxial lines there is a 

voltage source which models the external coupling at the nodes. This voltage source is 

a real line quantity and in order to incorporate into each of the nodes, it is necessary to 

convert from modal parameters to actual line parameters, add in the source term and 

finally converting it back. 

 

 

 

 

 

 

Figure 4.4.3: External coupling source in one segment of the source and victim braid 

coaxial line 
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From Figure 4.4.3, it can be deduced that: 

 ሾܫ௅ሿ ൌ ሾܫோሿ (4. 88) 

 ሾ ௅ܸሿ ൅ ሾ்ܸ ሿ ൌ ሾ ோܸሿ (4. 89) 

where the subscripts L and R denote the line to the left or to the right of the node. 

Through the transformation matrix S and Q, (4.88) and (4.89) can be given as: 

The current in the transmission line can be described as: 

Similarly: 

 ሾܫ௠ோሿ ൌ ௠ோ௜ܫൣ ൧ ൅ ሾܫ௠ோ௥ ሿ (4. 96) 

 ሾܫ௠ோሿ ൌ ሾܼ௠ሿିଵሼሾ ௠ܸோ௥ ሿ െ ൣ ௠ܸோ௜ ൧ሽ (4. 97) 

From equations (4.92), (4.93), (4.95) and (4.97), it can be written that: 

Similarly, equations (4.90) and (4.91) can be written as: 

 ሾ ௅ܸሿ ൌ ሾܵሿ൛ൣ ௠ܸ௅௜ ൧ ൅ ሾ ௠ܸ௅௥ ሿൟ (4. 100) 

 ሾ ோܸሿ ൌ ሾܵሿ൛ൣ ௠ܸோ௜ ൧ ൅ ሾ ௠ܸோ௥ ሿൟ (4. 101) 

 

 ሾ ௅ܸሿ ൌ ሾܵሿሾ ௠ܸ௅ሿ (4. 90) 

 ሾ ோܸሿ ൌ ሾܵሿሾ ௠ܸோሿ (4. 91) 

 ሾܫ௅ሿ ൌ ሾܳሿሾܫ௠௅ሿ (4. 92) 

 ሾܫோሿ ൌ ሾܳሿሾܫ௠ோሿ (4. 93) 

 ሾܫ௠௅ሿ ൌ ௠௅௜ܫൣ ൧ ൅ ሾܫ௠௅௥ ሿ (4. 94) 

 ሾܫ௠௅ሿ ൌ ሾܼ௠ሿିଵሼൣ ௠ܸ௅௜ ൧ െ ሾ ௠ܸ௅௥ ሿሽ (4. 95) 

 ሾܫ௅ሿ ൌ ሾܳሿሾܼ௠ሿିଵሼൣ ௠ܸ௅௜ ൧ െ ሾ ௠ܸ௅௥ ሿሽ (4. 98) 

 ሾܫோሿ ൌ ሾܳሿሾܼ௠ሿିଵሼሾ ௠ܸோ௥ ሿ െ ൣ ௠ܸோ௜ ൧ሽ (4. 99) 
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Combining equations (4.100) and (4.101), (4.102) can be written as: 

 ሾܵሿ൛ൣ ௠ܸ௅௜ ൧ ൅ ሾ ௠ܸ௅௥ ሿൟ ൅ ሾ்ܸ ሿ ൌ ሾܵሿ൛ൣ ௠ܸோ௜ ൧ ൅ ሾ ௠ܸோ௥ ሿൟ (4. 102) 

Similarly, combining equations (4.98) and (4.99), (4.103) can be written as: 

Equations (4.102) and (4.103) are manipulated to obtain two further expressions 

relating the known parameters (incident pulses and source terms) to the unknown 

parameters (reflected pulses) through simultaneous equations, given by [4.9]: 

where 

 ͳʹ ሾܵሿିଵ ൌ ͳͶ ቂͳ ͳͳ െͳቃ (4. 106) 

Figure 4.4.4 and Figure 4.4.5 both show one segment of how the two propagation 

modes are implemented into the TLM model. Note that both the modes comprise of 

the braid where the signal travels at the speed of light, c. The subscripts m1 and m2 

indicate modes 1 and 2 respectively; L and R indicate the line to the left and right 

respectively; at node n, at time step k. 

 

 

 

 

 

 

 

 ሾܳሿሾܼ௠ሿିଵ൛ൣ ௠ܸ௅௜ ൧ െ ሾ ௠ܸ௅௥ ሿൟ ൌ ሾܳሿሾܼ௠ሿିଵሼሾ ௠ܸோ௥ ሿ െ ൣ ௠ܸோ௜ ൧ሽ (4. 103) 

 ൣ ௠ܸோ௜ ൧ ൌ ሾ ௠ܸ௅௥ ሿ ൅ ͳʹ ሾܵሿିଵሾ்ܸ ሿ (4. 104) 

 ൣ ௠ܸ௅௜ ൧ ൌ ሾ ௠ܸோ௥ ሿ െ ͳʹ ሾܵሿିଵሾ்ܸ ሿ (4. 105) 



Numerical Modelling  

 

125 
 

 

 

 

 

 

 

 

 

Figure 4.4.4: One segment of the TLM model on the differential mode of the system 

(Mode 1) 

Solving the Thevenin Equivalent circuit as illustrated in Figure 4.4.4, for each 

node, the total voltage of the node is given by: 

Following equations (4.108) and (4.109), the reflected pulses would then be given 

by: 

 ௠ܸଵ௅௥௞ ൌ ௠ܸଵோ௜௞ ൅ ͳͶ ்ܸ  (4. 108) 

 ௠ܸଵோ௥௞ ൌ ௠ܸଵ௅௜௞ െ ͳͶ ்ܸ  (4. 109) 

 

 

 

 

 

 

 

 

௠ܸଵ௞ ൌ ʹ ௠ܸଵ௅௜ܼ௠ଵ  ൅  ʹ ௠ܸଵோ௜ െ ்ܸܼ௠ଵʹܼ௠ଵ  (4. 107) 
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Figure 4.4.5: One segment of the TLM model on the common mode of the system 

(Mode 2) 

Similarly, solving for the Thevenin Equivalent circuit as illustrated in Figure 

4.4.5, for each node, the total voltage of the node is given by: 

Following equations (4.111) and (4.112), the reflected pulses would then be given 

by: 

 ௠ܸଶ௅௥௞ ൌ ௠ܸଶோ௜௞ ൅ ͳͶ ்ܸ  (4. 111) 

 ௠ܸଶோ௥௞ ൌ ௠ܸଶ௅௜௞ െ ͳͶ ்ܸ  (4. 112) 

Therefore, with NT denoting the total number of segments in the transmission 

line, the real quantity of the current in the victim line’s coaxial braid can be deduced 

to be: 

 

௠ܸଶ௞ ൌ ʹ ௠ܸଶ௅௜ܼ௠ଶ  ൅  ʹ ௠ܸଶோ௜ െ ்ܸܼ௠ଶʹܼ௠ଶ  (4. 110) 

௞ܫ  ଶ ൌ ͳʹ ൝෍൫ ௠ଵ௡௞ܫ െ ௠ଶ௡௞ܫ ൯ே்
௡ୀଵ  ൡ (4. 113) 
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The current obtained from (4.113) can be used to calculate the transfer impedance 

in section 4.2.2 and finally included into the calculation of the current, IV, of the 

victim line. Subsequently, the coupling degree of the two coaxial cables above ground 

system can then be obtained from (4.49). 

 

4.5 Numerical Modelling Results – Effects of Brass End Plates 

4.5.1 Coupling between Two RG-58 Coaxial Cables in Free Space 

Simulation was performed using the 1D TLM model developed in section 4.3. 

Figures 4.5.1 – 4.5.4 show a simulated lossless crosstalk system between two RG-58 

coaxial cables in free space for different separations, s, between the cables (2, 5, 10 

and 15cm) compared against measurement, where the differential mode inductive 

effects of the brass end plates can be observed from the discrepancy in the peaks of 

the resonant frequencies when omitting the inductance effects. 

 

 

 

 

 

 

 

 

Figure 4.5.1: Crosstalk showing the effects of brass end plates at the terminations of 

the tertiary circuit with s = 2cm 
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Figure 4.5.2: Crosstalk showing the effects of brass end plates at the terminations of 

the tertiary circuit with s = 5cm 

 

 

 

 

 

 

 

 

 

Figure 4.5.3: Crosstalk showing the effects of brass end plates at the terminations of 

the tertiary circuit with s = 10cm 
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Figure 4.5.4: Crosstalk showing the effects of brass end plates at the terminations of 

the tertiary circuit with s = 15cm 

The close separation and the presence of dielectric surrounding the coaxial cable 

braid accounts for the frequency discrepancy in the measurement. As the separation 

increases, the effects of the dielectric decrease; and so does the frequency discrepancy. 

In general, the peaks of the resonant frequencies correspond to the resonant 

frequencies of the differential mode current in the tertiary circuit (formed by the 

external surfaces of the two cable braids as well as the short circuit at the brass end 

plates).  

For a length of 1.22m and assuming that the propagating velocity is the speed of 

light, c (a good approximation as the tertiary circuit is air insulated apart from the 

plastic sheath over the braids) the resonances are at 128, 247, 369, 492, 615, 739MHz 

etc. These are the resonances predicted including end plate inductance in Figures 4.5.1 

– 4.5.4, with an assumption that the terminations of the tertiary circuit are short 

circuited. Results of the investigation performed in Chapter 3, section 3.3, show that 

the peak resonant frequencies between simulated and measured results can be matched 

by including the predicted inductance measured for the terminations of the tertiary 

circuit. The addition of an inductance at the terminations of the tertiary circuit 

increases the resonant frequency of the tertiary circuit to approximately 118, 233, 351, 

469, 588, 706MHz etc. 
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4.5.2 Coupling between Two RG-58 Coaxial Cables via a Ground Plane 

Similar to section 4.5.1, simulations were also performed using the 1D TLM 

model developed in section 4.4. Figures 4.5.5 – 4.5.11 show a lossless crosstalk 

system between two RG-58 coaxial cables over a metallic ground plane, where the 

common mode effects of the brass end plates’ inductance can be observed from the 

difference in the peaks of the resonant frequencies. The models were simulated, 

including only the differential mode effects of the end plates’ inductance. Keeping the 

height of the cables from the ground plane, h, constant at 11.5cm; Figures 4.5.5 – 

4.5.8 show frequency domain results for varying separations between the cables, s, (2, 

5, 10 and 15cm).  In conjunction, by keeping the separation, s, constant at 5cm, 

Figures 4.5.9 – 4.5.11 show frequency domain results by varying h (16.5, 21.5 and 

26.5cm). 

 

 

 

 

 

 

 

 

Figure 4.5.5: Crosstalk showing the effects of brass end plates at the terminations of 

the tertiary circuit with s = 2cm and h = 11.5cm 
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Figure 4.5.6: Crosstalk showing the effects of brass end plates at the terminations of 

the tertiary circuit with s = 5cm and h = 11.5cm 

 

 

 

 

 

 

 

 

 

Figure 4.5.7: Crosstalk showing the effects of brass end plates at the terminations of 

the tertiary circuit with s = 10cm and h = 11.5cm 
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Figure 4.5.8: Crosstalk showing the effects of brass end plates at the terminations of 

the tertiary circuit with s = 15cm and h = 11.5cm 

 

 

 

 

 

 

 

 

 

Figure 4.5.9: Crosstalk showing the effects of brass end plates at the terminations of 

the tertiary circuit with s = 5cm and h = 16.5cm 
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Figure 4.5.10: Crosstalk showing the effects of brass end plates at the terminations of 

the tertiary circuit with s = 5cm and h = 21.5cm 

 

 

 

 

 

 

 

 

 

Figure 4.5.11: Crosstalk showing the effects of brass end plates at the terminations of 

the tertiary circuit with s = 5cm and h = 26.5cm 

The discrepancy in the resonances observed in Figures 4.5.5 – 4.5.11 are the 

effects of the assumption that the terminations of the common mode path in the 

tertiary circuit is short circuited. Studies performed in Chapter 3, section 3.3, show 
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that the peak resonant frequencies between simulated and measured results can be 

matched by including the predicted inductance measured for the terminations of the 

tertiary circuit. 

In the multimode model, the peaks of the resonant frequencies in the tertiary 

circuit are formed by two different current modes (differential and common mode 

currents, Itd and Itc). Similar to the crosstalk between two cables in free space, the 

differential mode current is formed by the external surfaces of the two RG-58 cables 

and the brass end plates at the terminations. On the other hand, the common mode 

current is formed by the return path between the surfaces of the cables and the metallic 

ground plane. 

Unlike the resonant peaks of the crosstalk observed in section 4.5.1, it is observed 

that the extra resonant peaks are effects caused by the common mode currents in the 

tertiary circuit. The measurements show that the resonant effects caused by the 

common mode currents are more distinctive at high frequencies (>500MHz). As the 

height of the cables above the ground plane, h, increases, the resonant peaks caused by 

the common mode currents gradually disappears. However, with the same conditions; 

although visible, the simulated results show a gradual decrease in the resonant peaks 

as h increases. The common mode resonant peaks are not entirely visible in the 

measurements as due to the relatively high Q the peak of the resonances, maximum 

coupling may be missed in a frequency domain study. 

 

4.6 Conclusions 

In this chapter, the numerical modelling technique based on the 1D Transmission 

Line Modelling (TLM) method was introduced. In implementing this method for 

crosstalk simulation, several factors are considered such as time synchronisation of all 

three circuits (source, tertiary and victim circuits); and also numerically modelling the 

cable braid’s surface transfer impedance using two techniques, the stub inductance 

model and digital filter model. For ease of computation, it is necessary to synchronise 

the time and space steps to be the same by adjusting the propagation velocities for all 

three circuits. The crosstalk of two conductors in free space is governed by the 

differential mode current. However, when the two conductors are placed over a 
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conducting ground plane, the crosstalk is governed by both the differential and 

common modes, which are modelled using the multimode model. 

It can be concluded that the numerical model of the system is successfully 

modelled using the TLM technique. Predictions show that the characterisation of the 

braid’s transfer impedance is insufficient to predict accurate results when compared 

against measurements. The results also successfully compared the effects of including 

the brass end plates into the system and can finally be concluded that the peaks of the 

resonant frequencies correspond to the resonant frequencies in the tertiary circuit.  
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5.1 Analysis of the Skin Depth Effect 

This chapter presents the overall crosstalk results for all configurations; in both 

time and frequency domain. Results are compared between numerical predictions and 

measurements, showing the effects of skin depth in the tertiary circuit. 

The skin depth effect is an important factor in the modelling of a transmission 

line. Although much research has been done in investigating the system of two-

conductors in free space [5.2], [5.3], [5.5] and [5.6], not much has been mentioned 

about the skin depth effect in the coaxial cable braid. It is usually included in the 

modelling of a conductor itself but not in the tertiary circuit of a coaxial cable system. 

The skin depth effect can be analytically described as given by Clayton [5.7], which 

essentially forms the basis for the theory of this loss factor.  

If the line conductors are considered to be perfect conductors of infinite 

conductivity, any currents and charges must exist only on the surfaces of the 

conductors [5.7]. For realistic line conductors, the conductivities are finite. A line 

conductor of finite conductivity allows the current to penetrate so that a portion of its 

magnetic flux links a portion of the current internal to the line conductor and affects a 

per-unit length internal inductance, Li. The internal current inevitably produces an 

internal resistance, Rdc. Note that these parameters only apply to solid, round wires. At 

DC, the current is uniformly distributed over a cross section of a solid conductor. This 

is illustrated in Figure 5.1.1. As frequency of excitation, f, increases, the current tends 

to crowd closer to the surface of the conductor. This is referred to as the skin depth 

effect. For a well-developed skin effect, the current can be considered to be uniformly 

distributed over an annulus at the surface of the wire of depth, į; which is the skin 

depth. For most common cables, electromagnetic fields do not tend to penetrate line 

conductors at high frequencies. At lower frequencies, the electromagnetic field can 

penetrate the entire cross section of the current carrying conductor. 
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Figure 5.1.1: Illustration of the dependence of the per-unit length resistance of a solid 

line conductor on frequency (skin effect) 

The skin depth, į, of the current carrying conductor is given by [5.7] as: 

ߜ  ൌ  ͳඥߪߤ݂ߨ Ǣ  ݅݊   (5. 1) 

where ı denotes the conductivity of the conductor,  ȝ denotes the permeability; and f 

denotes the frequency. 

Figure 5.1.2 shows the skin depth, į, over a range of frequencies from 10MHz – 

1GHz, for a conductivity of copper (58.82MS-1) and permeability of free space 

(4ʌ×10-7NA-2), and this will be used in investigations throughout this work. With 

increasing f, the skin depth is decreasing. This reflects that with higher frequencies, 

the current travels only on the surface of the line conductor. 

 

 

 

 

 

 

 

Figure 5.1.2μ Pattern of skin depth, į, with increasing frequency (10MHz – 1GHz) 
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The DC internal resistance of a solid conductor, Rdc, is given by: 

 ܴௗ௖ ൌ ͳݎߨߪଶ  Ǣ   πȀ  (5. 2) 

Equation (5.2) is only applicable when ا ݎ ب ݎ ,As frequency increases .ߜ   .ߜ 

Hence, the resistance, Rcable, is: 

 ܴ௖௔௕௟௘ ൌ ͳݎߨʹߪଶߜ ൌ ܴௗ௖ʹߜ  Ǣ   πȀ  (5. 3) 

Thus, the internal inductance of a solid conductor, Li, can be equated as: 

௜ǡௗ௖ܮ  ൌ ߤ଴ͺߨ Ǣ  Ȁ  (5. 4)ܪ  

 The internal inductance at other frequencies is [5.7]: 

 

5.2 Modelling the Skin Depth Effect into the Tertiary Circuit 

The skin depth effect has been extensively studied on lossy transmission lines 

[5.8] – [5.14]. However, many methods that have been developed treat the skin effect 

at only high frequencies, failing to predict the properties of transmission lines at low 

frequencies [5.10]. Since the skin depth effect is frequency dependent, it would be 

easier to model in the frequency domain. However, digital signals are best modelled in 

the time domain, where the change in the rising edges is affected by dispersion due to 

the skin depth effect [5.8].  

In this investigation, the skin effect is modelled for the tertiary circuit to develop a 

realistic model in this two-wire system. This is developed for the TLM method used in 

this work. All skin effect models proposed for transient response were developed 

using R-L lumped circuit models. All methods were successfully modelled to provide 

relatively accurate response for the skin depth effect, but most developed models tend 

to produce either large or relatively complicated ladder circuit models, which is a 

major drawback in computational modelling [5.11], [5.13] and [5.14]. As Dinh et al. 

௜ܮ  ൌ ʹݎߜ ௜ǡௗ௖ Ǣܮ  Ȁ  (5. 5)ܪ  
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[5.11] suggested, the larger the number of branches in the ladder circuit model, the 

smaller the error due to discretisation when reconstructing the output signal.  

Yen et al. [5.9] introduced a compact circuit model, but this method failed to 

capture the skin effect at high frequencies accurately, mainly from 100MHz – 1GHz, 

which falls in the frequency range of interest of this work. It also did not establish 

clear rules governing the choice of the component values [5.10]. As far as the 

frequency range is concerned in this investigation, Bidyut et al. [5.8] and Kim et al. 

[5.10] produced a relatively accurate skin effect response in the time domain. A 

modified model of Yen et al. [5.9] is developed by Kim et al. [5.10] using simple rules 

for selecting the values of resistors and inductors for a four deep ladder circuit model. 

It also clearly shows the equivalent circuit of the ladder circuit model that accurately 

models the skin effect for circular cross section conductors up to a frequency with a 

skin depth up to a hundredth of the radius conductor [5.10]. The lumped circuit model 

developed by Bidyut et al. [5.8] also accurately predicts the skin effect using a six 

ladder circuit model composed of resistors and inductors, where the selection of the 

values of the components are clearly stated. Its desired frequency range is from 1 kHz 

– 1 GHz, which corresponds with the frequency range studied in this thesis. Therefore, 

models developed by Bidyut et al. [5.8] and Kim et al. [5.10] are investigated and 

implemented into the tertiary circuit respectively and the results are compared. 

 

5.2.1 Skin Effect Model by Bidyut et al. [5.8] 

Since the skin depth, į, is dependent on frequency, the main difficulty to model 

the contributions of the skin effect in a lumped circuit model lies in the ඥ݂ 

dependence of the skin effect impedance. The bandwidth for this model ranges from 1 

kHz – 1 GHz. Hence, the approach is that the L and R variation in the desired 

frequency range can be mimicked. Figure 5.2.1 shows a cross section of the RG-58 

coaxial cables, illustrating how the skin depth effect can be modelled for the tertiary 

circuit of the two-conductor system. 
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Figure 5.2.1: Configuration showing the two coaxial cables 

Since the tertiary circuit is treated as a transmission line, the skin depth effect can 

easily be implemented into it using this lumped circuit model developed by Bidyut et 

al. [5.8]. 

Intuitively, to mimic the skin depth effect, a conductor can be imagined to be 

made up of concentric segments. All segments carry current at low frequencies, 

minimising the resistance and maximising the internal inductance. With increasing 

frequency, the outer segments stay active, thus increasing the resistance and 

decreasing the internal inductance. This can be modelled using L-R circuits connected 

in series in each branch of the ladder circuit. Figure 5.2.2 illustrates the ladder circuit 

model of the skin depth effect. 

 

 

 

 

 

 

Figure 5.2.2: The ladder circuit model of the skin depth effect proposed by Bidyut et 

al. [5.8] 
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Let i denote the branch number 1 – 6. With increasing branch number, the value 

of the resistance, Ri, of the branch increases by a factor of x, where x is assumed an 

arbitrary number by Bidyut et al. [5.8] for accurate modelling of the skin depth. 

Meanwhile, the value of the inductance, Li, decreases by the same factor, x [5.8]. ݔ ൌ  ξͳͲ 

Therefore, the resistance and inductance for each branch can be equated with a 

general formula respectively, giving: 

 ܴ௜ାଵ ൌ  ௜ (5. 6)ܴݔ

௜ାଵܮ  ൌ ܮ௜ݔ  (5. 7) 

Note that the parallel combination of all the resistances in each branch must sum 

up to Rdc. Similarly, Li can be solved iteratively by equating the phase to the 

combination of the Rdc-Li circuit at low frequencies [5.8]. The solutions for these 

values are tabulated in Table 5.2.1. 

No. of 

Branches R1 L1 

1 Rdc Li,dc 

2 1.32Rdc 1.68Li,dc 

3 1.42Rdc 1.94Li,dc 

4 1.45Rdc 2.03Li,dc 

5 1.457Rdc 2.06Li,dc 

6 1.461Rdc 2.07Li,dc 

 

Table 5.2.1: Skin effect for determining the values for R and L for the first branch 

depending on the number of branches of the ladder circuit 

It is shown by Bidyut et al. [5.8] that for a frequency range from 1 kHz – 1 GHz, 

the number of branches that the ladder circuit requires are six. Thus, the following 

equations calculate the values for R1 and L1. 
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 ܴଵ ൌ ͳǤͶ͸ͳܴௗ௖ (5. 8) 

ଵܮ  ൌ ʹǤͲ͹ܮௗ௖ (5. 9) 

The internal resistance of the braid can be approximated by [2.8] and defined in 

Chapter 2: 

 ܴௗ௖ ൌ Ͷ݀ߨଶ݊ܰߙݏ݋ܿߪ  Ǣ   πȀ  (5. 10) 

The internal inductance of a solid conductor can be given by (5.5); this is not the 

case for a coaxial cable braid due to the different structure of the braid. According to 

[5.10], the internal inductance of the outer conductor (coaxial braid), at low 

frequencies can be given by: 

ௗ௖ܮ  ൌ ߤ଴ʹߨ ൦ ܴ௠ସ   ܴ௠ܴ௕൫ܴ௠ଶ െ ܴ௕ଶ൯ ൅ ܴ௕ଶ െ  ͵ܴ௠ଶͶ൫ܴ௠ଶ െ ܴ௕ଶ൯൪ (5. 11) 

where Rm denotes the radius of the mean braid diameter, Dm, and Rb denotes the outer 

diameter of dielectric, D0. The parameters of Dm and D0 can be found or calculated as 

in [4.2]. 

The TLM equivalent circuit from the L-R ladder is given in Figure 5.2.3. The 

tertiary circuit of the numerical model using the TLM technique, stub models [5.4], 

are developed to describe the inductances in the ladder circuit. The equivalent TLM 

circuit is then as shown in Figure 5.2.4. 

 

 

 

 



Skin Depth Effect  

 

144 
 

 

 

 

 

 

 

 

Figure 5.2.3: Equivalent circuit of the ladder circuit model 

The skin depth effect occurs throughout the length of the cable. The tertiary 

circuit consists of the braids of the two coaxial cables, it is necessary to apply the 

ladder circuit model of the skin effect in both braids, with the same values of L and R 

in each branch since the cables used are identical. The following equations are derived 

to solve the tertiary circuit including skin effects. Therefore, the single node Thevenin 

equivalent circuit can be constructed as in Figure 5.2.4. 

 

 

 

 

 

  

Figure 5.2.4: Thevenin equivalent circuit at a single node in the tertiary circuit 

including contributions from coupling due to skin effect and due to transfer impedance 
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The following equations are derived to solve for the interconnect for the skin 

effect in the tertiary circuit of the numerical TLM model. Let subscripts i (source 

braid) and j (victim braid) denote the branch number 1 – 6. Since the skin effect 

models in both the source and victim braids are the same, the total impedances, ௌܼ೔ 
and ܼ ௌೕ, for each branch can be given by a general formula: 

 ௌܼ೔ ൌ ௌܼೕ ൌ ܴ௜ ൅ ܼ௜ (5. 12) 

The impedances for the inductive stubs, Zi and Zj, are: 

Voltages Vse and Vsd denote the skin effect in both the source and victim line’s 

braids respectively and VT denotes the surface transfer impedance of the braid. The 

voltages Vsd and Vse are: 

 

௦ܸௗ ൌ οݔ ێێێۏ
ቊσۍ ʹ ௜ܸ௜ܼௌ೔଺௜ୀଵ ቋ ൅ ʹ ௡௜௞ܮܸ െ  ʹ ܸܴ௡௜௞ െ ௦ܸ௘ʹܼ஼൜σ ͳܼௌ೔଺௜ୀଵ ൠ ൅ ͳʹܼ஼ ۑۑۑے

ې
 (5. 14) 

 

௦ܸ௘ ൌ οݔ ێێۏ
ቊσۍێ ʹ ௝ܸ௜ܼௌೕ଺௝ୀଵ ቋ ൅ ʹ ௡௜௞ܮܸ െ  ʹ ܸܴ௡௜௞ െ ௦ܸௗʹܼ஼ቊσ ͳܼௌೕ଺௝ୀଵ ቋ ൅ ͳʹܼ஼ ۑۑے

ېۑ
 (5. 15) 

where ∆x denotes the space-step. Thus, Vsd and Vse can be solved for each branch, 

giving: 

 ܼ௜ ൌ ௝ܼ ൌ ʹܮ௜݀ݐ  (5. 13) 

  ௦ܸௗ ൌ ʹ ܸ௞ ௜௜ െ ܫ௜ܼௌ೔  Ǣ   ݅ ൌ ͳǡ ʹǡ ͵ǡ ǥ ͸ (5. 16) 

  ௦ܸ௘ ൌ ʹ ܸ௞ ௝௜ െ ܫ௝ܼௌೕ  Ǣ   ݆ ൌ ͳǡ ʹǡ ͵ǡ ǥ ͸ (5. 17) 

௜ܫ  ൌ ʹ ௜ܸ௜ െ ௦ܸௗௌܼ೔  Ǣ   ݅ ൌ ͳǡ ʹǡ ͵ǡ ǥ ͸ (5. 18) 

௝ܫ  ൌ ʹ ௝ܸ௜ െ ௦ܸ௘ௌܼೕ  Ǣ   ݆ ൌ ͳǡ ʹǡ ͵ǡ ǥ ͸Ǣ (5. 19) 
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where Ii (source braid) and Ij (victim braid) denote the currents flowing into each 

branch of the skin depth model. Hence, the stub impedance in each branch can be 

given as: 

 ௜ܸ ൌ ʹ ௜ܸ௜ െ ܫ௜ܼௌ೔  Ǣ   ݅ ൌ ͳǡ ʹǡ ͵ǡ ǥ ͸ (5. 20) 

 ௝ܸ ൌ ʹ ௝ܸ௜ െ ܫ௝ܼௌೕ  Ǣ   ݆ ൌ ͳǡ ʹǡ ͵ǡ ǥ ͸ (5. 21) 

Next, the reflected voltages, Vi
r and Vj

r, can be derived as: 

 ௜ܸ௥ ൌ ௜ܸ െ ௜ܸ௜  Ǣ   ݅ ൌ ͳǡ ʹǡ ͵ǡ ǥ ͸ (5. 22) 

 ௝ܸ௥ ൌ ௝ܸ െ ௝ܸ௜ Ǣ   ݆ ൌ ͳǡ ʹǡ ͵ǡ ǥ ͸ (5. 23) 

where the superscript r denotes the reflected voltages in the segment. 

The interconnection between each node in the tertiary circuit can then be given as: 

 ௜ܸ௜௞ାଵ ൌ െ ௜ܸ௥௞  Ǣ   ݅ ൌ ͳǡ ʹǡ ͵ǡ ǥ ͸ (5. 24) 

 ௝ܸ௜௞ାଵ ൌ െ ௝ܸ௥௞  Ǣ   ݆ ൌ ͳǡ ʹǡ ͵ǡ ǥ ͸ (5. 25) 

Finally, the overall voltage, Vn; current, It; and the reflected voltages, VL
r and VR

r; 

of the node is then: 

 ܸ௞ ௡ ൌ ʹ ௡௜௞ܼܮܸ ஼ െ ʹ ܸܴ௡௜௞ െ ்ܸ െ ௦ܸௗ െ ௦ܸ௘ܼ஼ʹܼ஼  (5. 26) 

௞ܫ  ௧௡ ൌ ʹ ௡௜௞ܮܸ െ ܸ௞ ௡ܼ஼  (5. 27) 

௡௥௞ܮܸ  ൌ ܸ௞ ௡ െ ܸܮ௡௜௞   (5. 28) 

 ܸܴ௡௥௞ ൌ ܸ௞ ௡ ൅ ்ܸ ൅ ௦ܸௗ ൅ ௦ܸ௘ െ ܸܴ௡௜௞  (5. 29) 
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5.2.2 Skin Effect Model by Kim et al. [5.10] 

In section 5.2.1, [5.8] models the skin depth effect where the number of branches 

of the lumped ladder circuit model depends on the range of frequency to be modelled. 

However, the method proposed in [5.10] models the skin effect via a four deep ladder 

circuit where it divides the circular cross section conductor into four concentric rings, 

where each ring is represented by one ladder section, with R1 being the outermost ring. 

The skin effect ladder circuit is illustrated in Figure 5.2.7. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.7: The ladder circuit model of the skin depth effect proposed by Kim et al. 

[5.10] 
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A diagram of how the branches of the four ladder compact circuit are represented 

by the cross section area of a solid conductor is illustrated in Figure 5.2.8. 

 

 

 

 

 

Figure 5.2.8: A schematic illustration representing the four ladder circuit to a solid 

conductor 

Note that the ladder circuit model comprises four resistances Ri, where ݅ ൌ ͳǡ ʹǡ ͵, 

and three inductors, Li, where ݅ ൌ ͳǡ ʹ. RR denotes the resistance factor. Thus, in this 

case, the resistance values can be derived from a general formula: 

 ܴ௜ାଵ ൌ ܴ௜ܴܴ (5. 30) 

It is required in this model that the DC resistance of the braid, Rdc, is equal to the 

DC resistance of the ladder circuit. Hence, R1 is: 

 ܴଵ ൌ ߙோܴௗ௖ (5. 31) 

where Rdc can be obtained in (5.10). 

In order to match the resistance of the conductor at high frequencies, the selection 

of the outermost ring, R1, is the most crucial step which would affect the entire 

model’s accuracy in modelling the skin effect. As proposed in [5.10], it is found that if 

the maximum desired frequency is Ȧmax (1 GHz), then ĮR is: 

 

ோߙ  ൌ ͲǤͷ͵ߜݏݑ݅݀ܽݎ ݁ݎ݅ݓ௠௔௫  (5. 32) 
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where 

௠௔௫ߜ  ൌ ඨ ʹ߱௠௔௫ߤ଴(33 .5) ߪ 

and the wire radius is the radius of the coaxial braid used to calculate Rdc in (5.10). 

The unknowns in (5.34) are constrained by asymptotic behaviour at low 

frequencies and that Kim et al. [5.10] proposed that Rdc and ĮR are related by: 

 ܴܴଷ ൅ ܴܴଶ ൅  ܴܴ ൅ ሺͳ െ ோሻߙ ൌ Ͳ (5. 34) 

Similarly, LL denotes the inductance factor and the inductance values can be 

found using a general formula: 

௜ାଵܮ  ൌ ܮ௜ܮܮ 
(5. 35) 

It is required in this model that the low frequency inductance of the braid, Llf, is 

equal to the low frequency inductance of the ladder circuit. Hence, L1 can be gven as: 

ଵܮ  ൌ ܮ௟௙ߙ௅  
(5. 36) 

To ensure the frequency response is modelled accurately across the frequency 

range, ĮL can be given as: 

௅ߙ  ൌ ͲǤ͵ͳͷߙோ (5. 37) 

The inductance factor, LL, can then be solved, as proposed by Kim et al. [5.10], 

given by: 

൤ ͳܮܮ൨ଶ ൅ ൤ͳ ൅ ͳܴܴ ൨ଶ ͳܮܮ  ൅ ቊ൤ ͳܴܴ ൨ଶ ൅ ͳܴܴ  ൅  ͳቋଶ െ ߙ௅ ቊ൤ͳ ൅ ͳܴܴ ൨ ቈ൬ ͳܴܴ ൰ଶ ൅  ͳ቉ቋଶ ൌ Ͳ 

(5. 38) 

By implementing the ladder network for the skin depth effect as given in Figure 

5.2.7 into the tertiary circuit of the numerical model using the TLM technique, stub 

models [5.4], are used to describe the inductances in the ladder circuit. The equivalent 

TLM circuit is as shown in Figure 5.2.8. 
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Figure 5.2.8: Equivalent circuit of the ladder circuit model 

In TLM, the length of the cable is divided into segments. Since the skin depth 

effect occurs throughout the length of cable, Figure 5.2.9 shows the Thevenin 

equivalent circuit using the ladder circuit model for the skin effect as implemented in 

each segment. Taking one segment as an example. 
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Figure 5.2.9: Thevenin equivalent circuit for one segment implementing the skin effect 

The following equations are derived to solve for the interconnects for the skin 

effect in the tertiary circuit of the numerical TLM model. The impedance for the 

inductive stubs, Zi, are shown in (5.13). In Figure 5.2.9, the incident voltages can be 

solved for each branch via a matrix formation as given in (5.39). 
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ێێێۏ
ʹۍ ܸ௞ ௡௜ܮ ൅ ்ܸ െ ʹ ܸ௞ ܴ௡௜ʹ ଵܸ௜ʹ ଶܸ௜ʹ ଷܸ௜ ۑۑۑے

ې െ
൦ʹܼ஼ ൅ ܴଵെܴଵͲͲ

െܴଵܼଵ ൅ ܴଵ ൅ ܴଶെܴଶͲ
Ͳെܴଶܼଶ ൅ ܴଶ ൅ ܴଷെܴଷ

ͲͲെܴଷܼଷ ൅ ܴଷ ൅ ܴସ൪ ൦ܫ௧ܫଵܫଶܫଷ൪ ൌ Ͳ  

(5. 39) 

Hence, the currents can be solved through: 

 ሾܫሿ ൌ  ሾܼሿିଵሾܸሿ (5. 40) 

The inverse for the impedance matrix ሾܼሿିଵ can be obtained through a matrix 

solving package such as MATLAB and need only be derived initially in the 

simulation. 

 

5.3 Results – Comparison between the Two Models  

The results for models developed by Bidyut et al. [5.8] and Kim et al. [5.10] are 

compared in this section. One way to compare the results between them is to simulate 

the crosstalk of the two coaxial cables in free space system. The results given in 

Figures 5.3.1 – 5.3.4 are compared in the frequency domain after Fourier 

transformation of the time domain numerical results. The cable configuration is as 

given in Figure 2.3.2 in Chapter 2, section 2.3.1. 
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Figure 5.3.1: Model Comparison with separation of 2cm 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3.2: Model Comparison with separation of 5cm 
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Figure 5.3.3: Model Comparison with separation of 10cm 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3.4: Model Comparison with separation of 15cm 
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Using the exact same simulation criterions in Chapter 4, Figures 5.3.1 – 5.3.4 

show excellent agreement between the two models proposed. The comparison 

between the peaks of the resonant frequencies can be clearly seen in the frequency 

domain. The skin depth model proposed by Bidyut et al. [5.8] is convenient to 

implement since the incident and reflected stub voltages in each branch can easily be 

derived and calculated using the TLM technique [5.4]. However, this model is only 

effective for low frequencies. As frequency increases, the number of branches 

required to accommodate for the desired frequency increases, thus, causing it to be a 

drawback for circuitry design and computational simulation. As for the skin depth 

model proposed by Kim et al. [5.10], the compact four ladder circuit can be 

implemented for any desired frequency since its resistance factor, RR, in (5.34); and 

inductance factor, LL, in (5.38) are determined by its maximum desired frequency in 

equations (5.32) and (5.33). Therefore, the more preferable skin depth model to be 

implemented is the model developed by Kim et al. [5.10], as its matrix 

implementation can easily be derived through any matrix solving software such as 

MATLAB. 

 

5.4 Results – Complete Characterisation of the Tertiary Circuit 

5.4.1 Coupling between Two RG-58 Coaxial Cables in Free Space 

A. Frequency Domain Results 

Simulation was performed using the 1D TLM model developed in Chapter 4, 

section 4.3. Figures 5.4.1 – 5.4.4 show results with different separations, s, between 

the cables (2, 5, 10 and 15cm), where the results obtained from TLM simulations is 

compared with the measured crosstalk, with and without including the skin depth 

effect for the tertiary circuit. The frequency domain measurements were presented in 

Chapter 3, section 3.2.1. 
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Figure 5.4.1: Crosstalk between two parallel RG-58 coaxial cables in free space with 

s = 2cm. (a) Frequency: 10MHz – 1GHz. (b) Frequency: 100MHz – 1GHz. 
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Figure 5.4.2: Crosstalk between two parallel RG-58 coaxial cables in free space with 

s = 5cm. (a) Frequency: 10MHz – 1GHz. (b) Frequency: 100MHz – 1GHz. 
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Figure 5.4.3: Crosstalk between two parallel RG-58 coaxial cables in free space with 

s = 10cm. (a) Frequency: 10MHz – 1GHz. (b) Frequency: 100MHz – 1GHz. 
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Figure 5.4.4: Crosstalk between two parallel RG-58 coaxial cables in free space with 

s = 15cm. (a) Frequency: 10MHz – 1GHz. (b) Frequency: 100MHz – 1GHz. 

As observed in Figures 5.4.1 – 5.4.4, the simulated results have very good 

agreement with the measurement results. It is observed that by including the skin 

depth effect, į, in both the braids of the coaxial lines, better agreement in shape as 

well as magnitude is observed between the peak crosstalk resonant frequencies in the 



Skin Depth Effect  

 

160 
 

TLM solution and the peaks of the measurements for all separations. When į is 

omitted, the peak resonant frequencies appear to be higher, especially at high 

frequencies, generally above 500MHz. At low frequencies, where the line length is 

very much less than 
ఒଵ଴, the coupling can be  determined by a lumped model where the 

entire cross section are of the braid is dominated by the loop coupling inductance in 

the tertiary circuit (penetration of the magnetic field). The coupling in the tertiary 

circuit is completely defined by the composite effects of the DC impedance of the 

braid and the loop inductance, together with the resistive losses in the tertiary circuit. 

Hence, at these frequencies, the skin depth effect is not a significant factor. As 

frequency increases, the skin depth effect in the tertiary circuit gradually takes effect, 

where the crosstalk is controlled by the increasing resistance in the tertiary circuit. It is 

proven that the inclusion of the skin depth effect is essential in the tertiary circuit as it 

significantly improves the Q-factor in the peaks of the resonant frequencies. 
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B. Time Domain Results 

Similarly, simulations were performed using the model as proposed in Chapter 4, 

section 4.3, where the time domain crosstalk between the two RG-58 coaxial cables in 

free space can be observed from the voltage, VV0, obtained from the adjacent cable. In 

order to obtain similar output, the source voltage simulated has to be comparable to 

the source generated by the instrument. Figure 5.4.5 shows a comparison of the square 

wave generated by the pulse function arbitrary generator (PFAG) presented in Chapter 

3, section 3.2.2C, and a TLM simulated square wave. The rise and fall time of the 

imperfect square wave generated by the PFAG is measured accordingly to the 

corresponding fundamental frequency. 

 

 

 

 

 

 

 

 

Figure 5.4.5: Comparison between generated and simulated square wave 

However, in section 3.2.2C, it has been proven that the broadband amplifier does 

not provide a linear gain, causing the output of the square wave input signal to slightly 

deviate from its original shape. Based on the configuration used in section 3.2.2C, V’IN 

in Figure 3.2.12 can be approximated by generating the corresponding square wave 

for better crosstalk comparisons.  

The fundamental frequency as depicted in Figure 5.4.5 is 46.67MHz. By varying 

the fundamental frequency of the time domain input, the harmonics of the input 

fundamental frequency is observed from the output peaks of the resonant frequencies 

in the frequency domain, as presented in section 5.4.1A.  
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The PFAG has a limited frequency range, where frequencies above approximately 

60MHz cause a distortion in the square wave. Therefore, the fundamental frequency 

generated is limited to frequencies below 50MHz; depending on the harmonics of the 

fundamental frequency, in which the coupling strength appears to be strong at the 

resonant peaks. The Time Domain Oscilloscope (TDO) is also unable to observe a 

voltage scale of less than 1mV per division. As the separation, s, between the cables 

increases, its coupling strength decreases. Therefore, in order to obtain a clear 

comparison of the time domain coupling, both the simulation and measurement are 

performed with a fundamental frequency input, where the harmonics at low frequency 

resonant peaks can be observed. 

In section 5.4.1A, the first 2 peak resonant frequencies were observed to be at 

approximately 118MHz and 233MHz, within the frequency range of 10MHz – 1GHz. 

To obtain the corresponding resonant peak harmonics, the fundamental frequencies 

fed into the square wave are 39.33MHz and 46.67MHz respectively, presented in 

Figures 5.4.6  – 5.4.8, for separations, s (2, 5 and 10cm). 
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Figure 5.4.6: Time domain crosstalk of two RG-58 coaxial cables in free space for a 

separation, s = 2cm, and input of fundamental frequency (a) 39.33MHz. (b) 

46.67MHz. 
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Figure 5.4.7: Time domain crosstalk of two RG-58 coaxial cables in free space for a 

separation, s = 5cm, and input of fundamental frequency (a) 39.33MHz. (b) 

46.67MHz 
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Figure 5.4.8: Time domain crosstalk of two RG-58 coaxial cables in free space for a 

separation, s = 10cm, and input of fundamental frequency 39.33MHz. 

It is found that whenever a harmonic of the source square waveform is close to 

one of the resonances of the tertiary circuit a strong coupling is observed. Taking 

Figure 5.4.6 as an example; from Figure 5.4.1 in section 5.4.1A, it is observed that 

there are resonances at approximately 118, 233, 351MHz etc. Typically, an output 

yields a voltage signal of same frequency as the input signal. However, no coupling 

peak is observed at the fundamental frequency of the source voltage which is 

39.33MHz. Therefore, the output yields a frequency of approximately 118MHz, which 

denotes the 3rd harmonic of the input fundamental frequency, which also represents 

the 1st peak resonant frequency of the crosstalk within the frequency range of 100MHz 

– 1GHz, depicted in Figure 5.4.1.  

Similarly, no coupling peak is observed at fundamental frequency 46.67MHz. The 

output yields a frequency of approximately 233MHz, denoting the 5th harmonic of the 

input fundamental frequency, which represents the 2nd peak resonant frequency of the 

crosstalk. The critical factor in the coupling strength is due to the resonances in the 

tertiary circuit. The resonances are close to the resonances observed in Figure 5.4.1.  

From the time domain results measured, most of the crosstalk output signal is 

subjected to noise. The time domain coupling for separations 10cm (input 

fundamental frequency 46.67MHz) and 15cm are not presented since the coupling 
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cannot be recorded below -75dB on the TDO. Moreover, there is difficulty in 

capturing clear signals even with coupling between -70dB – -75dB. In all, the 

simulated results agree reasonably well with the measured results. 

For some applications, time domain signal representation is preferred over 

frequency domain analysis since the crosstalk is often useful when presented as a 

transient signal, where digital information is often conveyed using voltage as a 

function of time. Aspects such as jitter and propagation delay can be studied and 

included. Moreover, the change in pattern of the transient signal can only be observed 

in the time domain as compared to the frequency domain. 

 

C. Validation of Time Domain Results 

In order to validate the accuracy of the time domain results obtained, they are 

Fourier transformed into the frequency domain. For the same separations, s, between 

the cables (2, 5 and 10cm) in section 5.4.1B, Figures 5.4.9 – 5.4.11 show the peaks of 

the resonant frequencies of Figures 5.4.6 – 5.4.8 respectively. 

It is observed from the Fourier Transformed time domain results in section 5.4.1B 

that the resonant frequency presented perfectly matches the resonances obtained from 

the frequency domain results in section 5.4.1A, both at approximately 118MHz and 

233MHz respectively, where strong coupling is observed. No other resonances are 

seen to occur in both cases. From Fourier analysis it is found that the measurements 

obtained in section 5.4.1B contain only the resonant frequency harmonics of 118MHz 

and 233MHz; and most of the output signal is subjected to noise. However, when a 

square wave of fundamental frequency 39.33MHz is fed into the system, both 

resonances of 118MHz and 233MHz are observed to be of significant value; as 

presented in Figures 5.4.9a, 5.4.10a and 5.4.11a. The resonance of 233MHz represents 

the 6th harmonic frequency of the input fundamental frequency of 39.33MHz, 

denoting that the system yields even harmonics at the output. Such phenomenon only 

occurs when the periodical input positive peak amplitude is different from the 

negative peak value, which can be observed from Figure 5.4.5 in section 5.4.1B. The 

cause for such situation lies in the discrepancy of the instrument – Pulse Function 

Arbitrary Generator (see Chapter 3). 
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Figure 5.4.9: Fourier Transform of measurement data in Figure 5.4.6, for a 

separation, s = 2cm, and input of fundamental frequency (a) 39.33MHz. (b) 

46.67MHz 
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Figure 5.4.10: Fourier Transform of measurement data in Figure 5.4.7, for a 

separation, s = 5cm, and input of fundamental frequency (a) 39.33MHz. (b) 

46.67MHz 
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Figure 5.4.11: Fourier Transform of measurement data in Figure 5.4.8, for a 

separation, s = 10cm, and input of fundamental frequency of 39.33MHz. 

 

5.4.2 Coupling between Two RG-58 Coaxial Cables via a Ground Plane 

A. Frequency Domain Results 

Similar to section 5.4.1, simulations were also performed using the 1D TLM 

model developed in Chapter 4, section 4.4. In comparison with the crosstalk 

measurement results and including both the differential and common mode of the end 

plates’ inductance, Figures 5.4.12 – 5.4.15 show results for various separations, s (2, 

5, 10 and 15cm) and keeping h constant at 11.5cm; while Figures 5.4.16 – 5.4.18 show 

results for various h (16.5, 21.5 and 26.5cm) and keeping s constant at 5cm; with and 

without including the skin depth effect into the tertiary circuit. 
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Figure 5.4.12: Crosstalk between two parallel RG-58 coaxial cables via ground plane 

with s = 2cm and h = 11.5cm. (a) Frequency: 10MHz – 1GHz. (b) Frequency: 

100MHz – 1GHz. 
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Figure 5.4.13: Crosstalk between two parallel RG-58 coaxial cables via ground plane 

with s = 5cm and h = 11.5cm. (a) Frequency: 10MHz – 1GHz. (b) Frequency: 

100MHz – 1GHz. 
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Figure 5.4.14: Crosstalk between two parallel RG-58 coaxial cables via ground plane 

with s = 10cm and h = 11.5cm. (a) Frequency: 10MHz – 1GHz. (b) Frequency: 

100MHz – 1GHz. 
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Figure 5.4.15: Crosstalk between two parallel RG-58 coaxial cables via ground plane 

with s = 15cm and h = 11.5cm. (a) Frequency: 10MHz – 1GHz. (b) Frequency: 

100MHz – 1GHz. 
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Figure 5.4.16: Crosstalk between two parallel RG-58 coaxial cables via ground plane 

with s = 5cm and h = 16.5cm. (a) Frequency: 10MHz – 1GHz. (b) Frequency: 

100MHz – 1GHz. 

 



Skin Depth Effect  

 

175 
 

10
7

10
8

10
9

-160

-140

-120

-100

-80

-60

-40

-20

Frequency / Hz

C
ro

ss
ta

lk
 /

 d
B

 

 

TLM Model (Computed with )

MEASURED

TLM Model (Computed without )

10
8

10
9

-160

-140

-120

-100

-80

-60

-40

-20

Frequency / Hz

C
ro

ss
ta

lk
 /

 d
B

 

 

TLM Model (Computed with )

MEASURED

TLM Model (Computed without )

(a) 

 

 

 

 

 

 

 

 

 

(b)  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4.17: Crosstalk between two parallel RG-58 coaxial cables via ground plane 

with s = 2cm and h = 21.5cm. (a) Frequency: 10MHz – 1GHz. (b) Frequency: 

100MHz – 1GHz. 
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Figure 5.4.18: Crosstalk between two parallel RG-58 coaxial cables via ground plane 

with s = 5cm and h = 26.5cm. (a) Frequency: 10MHz – 1GHz. (b) Frequency: 

100MHz – 1GHz. 

 



Skin Depth Effect  

 

177 
 

As observed from Figures 5.4.12 – 5.4.18, the simulated results have good 

agreement with the measurement results. It is observed that by including the skin 

depth effect, į, in both the braids of the coaxial lines, better improvement in shape is 

observed between the peak crosstalk resonant frequencies in the TLM solution and the 

peaks of the measurements for all separations, along the wide band of frequencies. 

There is not much improvement in the predicted magnitude observed by including į, 

into the braids of the cables as the tertiary circuit is dominated by the common mode 

currents (Itc >> Itd), formed by the return path of the metallic ground plane. However, 

it is proven that the inclusion of the skin depth effect is essential in the tertiary circuit 

as it significantly improves the Q-factor in the peaks of the resonant frequencies. 

 

B. Time Domain Results 

Similarly, simulation was performed using criterions as proposed in Chapter 4, 

section 4.4, where the time domain crosstalk between the two RG-58 coaxial cables 

via a ground plane can be observed from the voltage, VV0, obtained from the adjacent 

cable. The same simulated square wave generated in section 5.4.1B is used as the 

source fed into the source line. In section 5.4.2A, the first 2 peak resonant frequencies 

were observed to be at approximately 118MHz and 235MHz, within the frequency 

range of 10MHz – 1GHz. In comparison with the crosstalk measurement results, 

Figures 5.4.19 – 5.4.21 show the time domain results for various separations, s (2, 5 

and 10cm) and keeping the height, h, constant at 11.5cm; while Figures 5.4.22 and 

5.2.23 show the time domain results for various h (16.5 and 26.5cm) and keeping s 

constant at 5cm. 
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Figure 5.4.19: Time domain crosstalk between two parallel RG-58 coaxial cables via 

ground plane with s = 2cm and h = 11.5cm, and input of fundamental frequency (a) 

38.4MHz (b) 46.1MHz 
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Figure 5.4.20: Time domain crosstalk between two parallel RG-58 coaxial cables via 

ground plane with s = 5cm and h = 11.5cm, and input of fundamental frequency (a) 

39.63MHz (b) 47.2MHz 
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Figure 5.4.21: Time domain crosstalk between two parallel RG-58 coaxial cables via 

ground plane with s = 10cm and h = 11.5cm, and input of fundamental frequency (a) 

39.63MHz (b) 47.2MHz 
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Figure 5.4.22: Time domain crosstalk between two parallel RG-58 coaxial cables via 

ground plane with s = 5cm and h = 16.5cm, and input of fundamental frequency (a) 

39.63MHz (b) 47.2MHz 
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Figure 5.4.23: Time domain crosstalk between two parallel RG-58 coaxial cables via 

ground plane with s = 5cm and h = 26.5cm, and input of fundamental frequency (a) 

39.63MHz (b) 47.2MHz 
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Similar effects in section 5.4.1B are observed from the results obtained in this 

section. Therefore, it can be deduced that whenever a harmonic of the source square 

waveform is close to one of the resonant of the tertiary circuit, strong coupling is 

observed. From Figure 5.4.19, the discrepancy in the amplitude in the time domain 

results is observed from the frequency domain results in Figure 5.4.12, section 5.4.2A. 

Of all the results it shows the largest discrepancy and requires more investigation. 

 

C. Validation of Time Domain Results 

Similarly, in order to validate the accuracy of the time domain results obtained, a 

Fourier Transform is performed on the time domain measurement results to verify the 

output frequency in which the peak of the resonant frequency resides. For the various 

separations, s, between the cables (2, 5 and 10cm) and keeping the height, h, constant 

at 11.5cm in section 5.4.2B, Figures 5.4.24 – 5.4.26 show the peaks of the resonant 

frequencies of Figures 5.4.19 – 5.4.21; while for various h (16.5 and 26.5cm) and 

keeping s constant at 5cm in section 5.4.2B, Figures 5.4.27 and 5.4.28 show the peaks 

of the resonant frequencies of Figures 5.4.22 and 5.4.23, respectively. 

Similarly, it is observed from the Fourier Transformed time domain results in 

section 5.4.2B that the resonant frequency presented perfectly matches the resonances 

obtained from the frequency domain results in section 5.4.2A, both at approximately 

118MHz and 236MHz respectively, where strong coupling is observed. No other 

resonances are seen to occur in both cases. It can be proven that the measurements 

obtained in section 5.4.2B contain only the resonant frequency harmonics of 118MHz 

and 236MHz; and most of the output signal is subjected to noise. Similarly, even 

harmonics are also observed in the output. Such phenomenon only occurs when the 

periodical input positive peak amplitude is different from the negative peak value, 

which can be observed from Figure 5.4.5 in section 5.4.1B. The cause for such 

situation lies in the discrepancy of the instrument – Pulse Function Arbitrary 

Generator (see Chapter 3). However, the even harmonics at the output are seen to be 

more distinctive when the ground plane is included into the system. This may be due 

to the effects of both propagating modes, the common and differential modes, 

travelling in the system.  
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Figure 5.4.24: Fourier Transform of measurement data in Figure 5.4.19, with s = 

2cm, h = 11.5cm and input of fundamental frequency (a) 38.4MHz. (b) 46.1MHz 
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Figure 5.4.25: Fourier Transform of measurement data in Figure 5.4.20, with s = 

5cm, h =11.5cm and input of fundamental frequency (a) 39.63MHz. (b) 47.2MHz 

 

 



Skin Depth Effect  

 

186 
 

10
8

10
9-50

-40

-30

-20

-10

0

10

20

Frequency / Hz

T
D

 O
u

tp
u

t 
/ 

d
B

 

 

Fourier Transform of TD Output
at s = 10cm, h = 11.5cm; f

0
 = 39.63MHz

10
8

10
9-60

-40

-20

0

20

Frequency / Hz

T
D

 O
u

tp
u

t 
/ 

d
B

 

 

Fourier Transform of TD Output
at s = 10cm, h = 11.5cm; f

0
 = 47.2MHz

(a)  

 

 

 

 

 

 

 

 

 

(b)  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4.26: Fourier Transform of measurement data in Figure 5.4.21, with s = 

10cm, h = 11.5cm and input of fundamental frequency (a) 39.63MHz. (b) 47.2MHz 
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Figure 5.4.27: Fourier Transform of measurement data in Figure 5.4.22, with s = 

5cm, h = 16.5cm and input of fundamental frequency (a) 39.63MHz. (b) 47.2MHz 
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Figure 5.4.28: Fourier Transform of measurement data in Figure 5.4.23, with s = 

5cm, h = 26.5cm and input of fundamental frequency (a) 39.63MHz. (b) 47.2MHz 
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5.5 Conclusions 

In this chapter, the analysis of the skin depth effect is included as a loss factor in 

the characterisation of the tertiary circuit (braided shield). Skin depth effects are 

usually modelled in the frequency domain. Time domain skin depth models comprise 

of branches of R-L lumped circuits. Most proposed time domain models have 

relatively large number of R-L branches, resulting in slow computation. The two most 

suitable models are due to (Kim et al. [5.10] and Bidyut et al. [5.8]). The two models 

were investigated and compared; and both agree very well with each other. 

It can be concluded that good agreement is obtained for both the crosstalk 

configurations; two coaxial cables in free space as well as over a perfectly conducting 

ground plane; presented in both time and frequency domains when compared against 

the measurement results. Predictions include characterisation of the tertiary circuit 

through the braid’s transfer impedance, the impedance at the connector plates, and 

skin depth effect.  

Comparison between measured and numerical solution show that the TLM 

solution successfully models coupling. However, it is shown that the coupling 

becomes less accurate in the TLM model at higher frequencies, which may be due to 

factors such as radiation loss etc. This study proved that noticeable discrepancies are 

observed between measurements and the TLM solution when the skin depth effect and 

the excess impedance at the connector plates are omitted from the tertiary circuit. 

In all, the characterisation of the tertiary circuit is successfully modelled in order 

to obtain accurate crosstalk comparison between measurements and the TLM 

simulation model. In addition to the importance of crosstalk to EMC studies, the 

presentation of results in the time domain is also valuable for Signal Integrity studies, 

showing importance for the correct operation of fast digital circuits. 
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CCHHAAPPTTEERR  66  

PPRREEDDIICCTTEEDD  RRAADDIIAATTIIOONN  EEMMIISSSSIIOONN  

6.1 Introduction 

In recent years, with processor clock rates are reaching into the GHz region such 

that significant energy is present well into the microwave frequency range. At higher 

frequencies, the energy is more difficult to contain. Subtle factors like enclosure slots, 

length of individual component interconnections and radiation directly from 

terminated high-speed circuit boards all are potential causes for unwanted radiation. 

Moreover, radiated fields generated by transmission lines such as multiconductor lines 

and tracks on a printed circuit board, are also a major concern in electromagnetic 

compatibility (EMC) studies. The increasing use and demand for high-frequency 

electrical and electronic equipment in modern applications require an increasing effort 

in developing better designs to avoid electromagnetic interference (EMI). Therefore, 

to ensure normal functions of circuitries, control units, and massive data commutation 

networks, the radiated electromagnetic fields must be accurately calculated. 

Many problems for EMC and interferences are caused by interconnects such as 

coaxial cables, which either radiate in free space or couple by imperfect shields into 

other cables, devices and antennas; or any receiving circuit, which then cause induced 

voltages and currents, potentially resulting in the malfunction of the victim devices. In 

modern systems where cables play such a dominant role (ie: an aircraft which 

comprises several kilometres of cables or in the automotive industry), it is crucial that 

such radiation effects involving cables are taken into account in the design process of 

electromagnetic systems from an EMC perspective. As the most fundamental model in 

wiring, it is important to investigate theoretically the radiation from a transmission line 

of finite length [6.11]. Since the transmission line considered here is of much smaller 

cross-sectional dimensions than the wavelength of the travelling wave in the line 

concerned, the principal propagation mode is essentially TEM mode. This chapter 

aims to present an estimation of the electromagnetic field radiation from a bare copper 
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wire above ground; and a RG-58 coaxial cable above ground, using time and 

frequency domain models. 

 

6.2 Electric Field Estimates 

It is known that charge and current distributions on conductors set up electric and 

magnetic fields around them. Two techniques have been developed to compute the 

radiated electromagnetic field from interconnects: the exact analytical solution [6.8] 

and the Hertzian dipole approximation approach [6.9] – [6.12] and [6.15] – [6.17].  

 

6.2.1 Analytical Solution 

The first approach is to resolve the travelling current signal into a series of 

transient functions, where the resultant field is a superposition of all the functions. As 

to the achievement of a practical EMC modelling method, the exact analytical 

solutions apply only to a limited and impractical range of geometries. To solve most 

practical problems such as a coaxial cable radiation, full wave numerical solvers must 

be used. However typical problems require excessive computational time. Therefore, 

an intermediate level modelling method aims to provide a faster solution with less 

computing resources to obtain the results required. A closed-form solution for the total 

power radiated by a multiconductor line above a ground plane was proposed by Cozza 

et al. [6.6], although this solution is very powerful and accessible, the radiation due to 

the discontinuities introduced by the line terminations, ie: brass end plates and coaxial 

connection transitions, was assumed to be negligible and no direct comparison with 

measured radiated fields was provided. To the best of our knowledge, the critical 

mechanism of electromagnetic radiation from a circular cross section cylinder wire is 

more likely to be the discontinuous termination rather than the straight line itself 

[6.18]. 

 

6.2.2 Hertzian Dipole Technique 

The dipole technique can be used to calculate the electric and magnetic fields 
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from a known distribution of currents and charges [1.1] – [6.5]. It is most commonly 

used in the theory of antennas including radiating fields from cables, where it requires 

only the knowledge of source current density as a function of time and space [6.11]. In 

most cases only static and quasistatic solutions are found in the frequency domain. 

Any radiating sections in an electrical circuit may be regarded to be made up of a 

chain of short ideal radiating dipoles [6.3]. These Hertzian dipoles are short enough 

for the current to be approximated as constant along the length of each of the dipoles. 

The total radiated electromagnetic field is the sum of each constituent dipole element. 

For a single dipole element of length dl, in free space, the radiated fields can be 

obtained in the frequency domain, as given in [6.3]. The current, I, is assumed to be 

the same in magnitude and phase, at all points along the element length [6.4]. A 

spherical coordinate system is commonly used to describe antennas, as illustrated in 

Figure 6.2.1 [6.4].  

 

 

 

 

 

 

 

 

 

 

Figure 6.2.1: A Hertzian dipole element with its coordinate system 

The Hertzian dipole method can be expressed in both time and frequency 

domains, depending on the application. In the past, spectrum analysers and network 

analysers are more efficient in the frequency domain, using heterodyne receivers. 

However, recent developments are making time domain approaches more attractive, 

prompting EMC designers to develop computational simulations in the time domain. 
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6.3 Frequency Domain Radiated Field 

This section reviews the mathematical basis for linear antennas as described by 

Rao [6.5] and Balanis [6.18], in the frequency domain. The behavior of a linear 

antenna begins with an analysis of an incremental antenna, ie: an antenna of 

incremental length (substantially less than the wavelength of the driving signal). Given 

the electromagnetic fields of such an incremental antenna, a Hertzian dipole, at a 

distance from the antenna substantially larger than the wavelength of the signal, the 

electromagnetic field produced by a linear antenna of larger length can be obtained by 

suitable integration of the contribution from each elemental Hertzian antenna over the 

length of that antenna. 

The Hertzian dipole shown in Figure 6.2.1, corresponds to a short length wire (of 

length ݀ ݈ሬሬሬറ << ߣ where ߣ is the wavelength of the signal) driven by an AC current of 

frequency Ȧ, where the wire is directed along the z-axis in a rectangular coordinate 

system. 

The current in the wire leads to a magnetic field encircling the wire, where the 

magnetic field is given by [6.3]: 

ሬറܤ  ൌ ߨͶܫ଴ߤ ቆ݈݀ሬሬሬറ ൈ ሬ݊റ௥ݎଶ ቇ 
(6. 1) 

where ݊ ௥ሬሬሬሬറ  is the unit vector along the line joining the current element and the 

observation at r distance from the current element. The magnetic field can also be 

expressed in terms of the vector potential [6.3]: 

ሬറܤ  ൌ ሬሬറ׏   ൈ  റ (6. 2)ܣ 

where the magnetic vector potential due to the current element is [6.18]: 

റܣ  ൌ ݎߨሬሬሬറͶ݈݀ܫ଴ߤ  ൌ ൬ߤ଴݈݀ܫͶݎߨ ൰ ሬ݊റ௭ 
(6. 3) 

where ݊ ௭ሬሬሬሬറ is the unit vector in the z-direction. 
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Let the current at the dipole element be given by: 

ǡݐሺܫ  ݎ ൌ Ͳሻ ൌ ଴ܫ     ሺ߱ݐሻ (6. 4) 

At distances away from the dipole, there is a retardation effect due to the time 

required for the electromagnetic field to propagate to the point ݎ ് Ͳ. Therefore, (6.3) 

can be rewritten as: 

റܣ  ൌ  ൬ߤ଴ܫ଴݈݀Ͷݎߨ ൰    ሺ߱ݐ െ ሻݎߚ ሬ݊റ௭ (6. 5) 

After being taken the curl of ܣറ in a spherical coordinates, the magnetic field 

intensity ܪሬሬറ is given by: 

Given ܪሬሬറ, from Maxwell’s equations the electric field in free space is given by: 

ሬറܧ  ൌ ௥ܧ  ሬ݊റ௭ ൅ ఏܧ ሬ݊റఏ  (6. 7) 

where the two components of ܧሬറ are: 

௥ܧ  ൌ ଴݈݀ܫʹ ଴߱ߝߨͶߠ    ቈ   ሺ߱ݐ െ ଷݎሻݎߚ ൅ ߚ    ሺ߱ݐ െ ଶݎሻݎߚ ቉ (6. 8) 

ఏܧ  ൌ ଴݈݀ܫ ɂ଴ɘߨͶߠ    ቈ   ሺ߱ݐ െ ଷݎሻݎߚ ൅ ߚ    ሺ߱ݐ െ ଶݎሻݎߚ െ ଶߚ    ሺ߱ݐ െ ݎሻݎߚ ቉ (6. 9) 

For a general field calculation of a system, which may contain many radiating 

bodies in widely different attitudes, summation of the field components can best be 

achieved using Cartesian coordinates. The radiation fields can be found in Cartesian 

coordinates by using the following transformation described by Kraus [6.3]: 

 ቎ܧ௫ܧ௬ܧ௭቏ ൌ  ൥   ߠ    ߶ ߠ       ߶ െ   ߶   ߠ    ߶ ߠ       ߶    ߶െ   ߠ ߠ    Ͳ ൩ ቎ܧఏܧ௥ܧథ቏ (6. 10) 

 

 

ሬሬറܪ  ൌ ଴ܫ଴ߤ ߨͶߠ    ቈ   ሺ ݐ߱ െ ଶݎሻݎߚ െ ߚ    ሺ߱ݐ െ ݎሻݎߚ ቉ ሬ݊റథ (6. 6) 
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where 

    ߶ ൌ ଶݔඥݕ ൅ ଶݕ  Ǣ     ߶ ൌ ଶݔඥݔ ൅  ଶ (6. 11)ݕ

ߠ     ൌ ඥݔଶ ൅ ݎଶݕ  Ǣ ߠ     ൌ  (12 .6) ݎݖ

Figure 6.3.1 shows the cable configuration causing radiated fields investigated in 

this thesis. Note that the transmission line is terminated by two brass end plates at each 

end, which also contribute to the total radiating field of the system.  

  

 

 

 

 

 

Figure 6.3.1: Radiated field configuration 

The length of each dipole element, l1 to lN, is short enough to permit the 

assumption that the current along each segment is constant. Current values, I1 – IN, can 

be obtained by numerical means, namely through simulation using frequency domain 

transmission line model [6.21], as depicted in Figure 6.3.2. 
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(a)  

 

 

 

 

(b) 

 

 

Figure 6.3.2: (a) A circuit of a simple one-wire above ground transmission line. (b) 

The segmentation of the one-wire above ground transmission line for field calculation. 

Since the radiation model for the configuration presented in this paper are for 

cables over a perfect infinite ground plane, the image current has to be considered into 

the model. Due to the ground plane, the radiated field can be represented using an 

image of the transmission line with the return current of the primary conductor. In 

Figure 6.3.1, the cable is connected to a brass plate at each end as support. Therefore, 

another important factor that should be taken into account is the radiated field emitted 

by the current on the brass end plates. The current flowing through the brass end plates 

is assumed to be in the y-direction and is treated as individual dipole elements. Figure 

6.3.3 presents a detailed radiated field model for the configuration in Figure 6.3.1. 
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Figure 6.3.3: Detailed radiated field calculation for the configuration in Figure 2 

where r1 – rN and ri1 – riN represent the distance between each dipole element of the 

transmission line to the observation point, P, of the real and image parts respectively. 

IEP1 and IEP2 denote the currents flowing in the end plates. EyEPR1 – EyEPR2 and EyEPIM1 – 

EyEPIM2 represent the radiated field from the end plates in its real and image parts 

respectively in the y-direction. 

To determine the radiated field generated by the transmission line system as 

shown in Figure 6.3.3, one can regard the transmission line as being made up of a 

large number of short dipole radiators. As shown in Figure 6.3.2, the length of each 

dipole is chosen to be short enough to permit the assumption of a Hertzian dipole. 

where ȟ is the segment number and N is the total number of segments. 

 

ஞሬሬറሺ߱ሻܫ  ൌ ܫ  ൬݈ܰߦ൰ ሬ݊റ௭Ǣ ߦ  ൌ ͳǡʹǡ ǥܰ (6. 13) 
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The end plate currents can subsequently be defined as: 

റா௉ଵܫ  ൌ  ଵሺ߱ሻሬ݊റ௭ (6. 14)ܫ

റா௉ଶܫ  ൌ  ேሺ߱ሻሬ݊റ௭ (6. 15)ܫ

Given the observation point coordinates P(x, y, z), according to the Hertzian 

dipole field theory addressed in section 6.2.2, one can compute the radiated fields from 

all aspects in Figure 6.3.2. The total radiated field from the total transmission line 

system can subsequently be calculated as: 

ሬറ்ை்஺௅ሺ߱ሻܧ  ൌ  ቐ෍ܧሬറ௭ோሺߦǡ ߱ሻே
కୀ଴  ൅ ሬറ௬ா௉ோଶሺ߱ሻቑ஼௢௡ௗ௨௖௧௢௥ܧ ሬറ௬ா௉ோଵሺ߱ሻ ൅ܧ   
൅  ቐ෍ܧሬറ௭ூெሺߦǡ ߱ሻே

కୀ଴  ൅ ሬറ௬ா௉ெூଵሺ߱ሻܧ  ൅ ܧሬറ௬ா௉ெூଶሺ߱ሻቑூ௠௔௚௘ 

(6. 16) 

 

6.4 Time Domain Radiated Field 

Similarly, for a general time domain field calculation of a system, which may 

contain many radiating bodies in widely different attitudes, the Cartesian coordinate 

system is more convenient for the summation of the field contributions, using the 

transformation addressed by Kraus [6.3] in section 6.3. Hence, the time dependent 

equations for the radiated electromagnetic fields are then given by [6.7]: 

ሻݐ௫ሺܧ  ൌ  ሺ݈݀ሻݖݔͶߝߨ଴ݎଶ ൥͵ܫሺݐ െ Τܿݎ ሻܿݎଶ  ൅  ͵ ׬ ݐሺܫ െ Τܿݎ ሻ݀ݐ௧଴ ଷݎ  ൅  ͳܿଶݎ ݐሺܫ߲ െ Τܿݎ ሻ߲ሺݐ െ ݎ ܿΤ ሻ ൩ (6. 17) 

ሻݐ௬ሺܧ  ൌ  ሺ݈݀ሻݖݕͶߝߨ଴ݎଶ ൥͵ܫሺݐ െ Τܿݎ ሻܿݎଶ  ൅  ͵ ׬ ݐሺܫ െ Τܿݎ ሻ݀ݐ௧଴ ଷݎ ൅ ͳܿଶݎ ݐሺܫ߲ െ ݎ ܿΤ ሻ߲ሺݐ െ ݎ ܿΤ ሻ ൩ (6. 18) 

ሻݐ௭ሺܧ  ൌ  ሺ݈݀ሻݖଶͶߝߨ଴ݎଶ ൥͵ܫሺݐ െ Τܿݎ ሻܿݎଶ ൅ ͵׬ ݐሺܫ െ Τܿݎ ሻ݀ݐ௧଴ ଷݎ ൅ ͳܿଶݎ ݐሺܫ߲ െ Τܿݎ ሻ߲ሺݐ െ Τܿݎ ሻ ൩
െ ሺ݈݀ሻͶߝߨ଴ݎଶ ൥ܫሺݐ െ Τܿݎ ሻܿݎଶ ൅ ׬ ݐሺܫ െ Τܿݎ ሻ݀ݐ௧଴ ଷݎ ൅ ͳܿଶݎ ݐሺܫ߲ െ Τܿݎ ሻ߲ሺݐ െ ݎ ܿΤ ሻ ൩ (6. 19) 
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where the term ሺݐ െ Τܿݎ ሻ denotes the retarded time [6.3], I is the current amplitude of 

the dipole element and r is the distance of the observation point, P, at location (x, y, z) 

from the dipole at the origin (0, 0, 0). 

With the known current value from the radiating dipole at a retarded time ሺݐ െݎΤܿ ሻ, the radiated electromagnetic field can be calculated using equations (6.17) – 

(6.19) at the observation point, P, a distance r from the dipole centre. The integral 

terms in equations (6.17) – (6.19) denotes the charge function, which calculates the 

electrostatic field in the near field. The derivative terms in equations (6.17) – (6.22) 

represents the induction fields with respect to the function of the dipole currents. 

These equations were derived from [6.7] to determine the radiation field due to current 

carrying conductors (transmission lines), such as PCBs and ribbon cables [6.21]. For a 

more advanced use, this method is also used to calculate the electromagnetic fields 

from isolated radiators such as a lightning source [6.12]. 

 Using formulas (6.17) – (6.19), the radiating field of the circuit can be defined by 

dividing the transmission line into small segments, where each segment is assumed to 

be an individual dipole element with its own current amplitude [6.12]. Time domain 

current values, I1 – IN, can be obtained by numerical means, namely through 

simulation using TLM method (see Chapter 4) [6.7], as depicted in Figure 6.3.2. 

The TLM numerical solution (See Chapter 4) calculates the transient cable 

currents at nodal points that are, by necessity for accurate simulation, of separation 

much less than the minimum transient wavelength. These divided nodal points 

together with their associated transient currents are treated as a chain of Hertzian 

dipole elements for the field calculation process, as shown in Figure 6.3.3. The centre 

of each dipole element of the cable is the node connection points of the TLM 

numerical model. The simulated transient currents are also discrete in time-step k (see 

Chapter 4). The value of k∆t must be significantly less than the minimum period of the 

ሻݐ௫ሺܪ ൌ  െሺ݈݀ሻݕͶߨ ቈ ͳݎଷ ݐሺܫ െ Τܿݎ ሻ ൅ ͳܿݎଶ ݐሺܫ߲ െ Τܿݎ ሻ߲ሺݐ െ Τܿݎ ሻ ቉ (6. 20) 

ሻݐ௬ሺܪ ൌ  ሺ݈݀ሻݔͶߨ ቈ ͳݎଷ ݐሺܫ െ Τܿݎ ሻ ൅ ͳܿݎଶ ݐሺܫ߲ െ Τܿݎ ሻ߲ሺݐ െ Τܿݎ ሻ ቉ (6. 21) 

ሻݐ௭ሺܪ ൌ  Ͳ (6. 22) 
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current transients. Therefore, the retardation factor 
ሺݎΤܿ ሻ οݐൗ  of the retarded time, 

between an observation point P and a radiating dipole element can also be rounded to 

the nearest simulation step of k without introducing a significant error [6.7]. 

Using the discrete form of the integral and derivative terms of the transient current 

at a retarded time in equations (1) – (6), approximations derived by [6.7] is given by: 

 නܫሺݐ െ Τܿݎ ሻ݀ݐ௧
଴ ൌ ෍ ݐሺ݇οܫ െ Τܿݎ ሻοݐே்ିଵ

௞ୀଵ ൅ ሾܫሺെ Τܿݎ ሻ ൅ ݐሺܰܶοܫ  െ Τܿݎ ሻሿοݐʹ  (6. 23) 

ݐሺܫ  െ Τܿݎ ሻ ൌ ݐሺ݇οܫ  െ Τܿݎ ሻ (6. 24) 

ݐሺܫ߲  െ Τܿݎ ሻ߲ሺݐ െ Τܿݎ ሻ  ൌ ݐሺ݇οܫ  െ Τܿݎ ሻ െ ሺሺ݇ܫ  െ ͳሻοݐ െ Τܿݎ ሻοݐ  (6. 25) 

The total radiated field calculated is the sum of both the real and image parts of 

the radiated field in the transmission line, given by: 

ሻݐሬറ்ை்஺௅ሺܧ  ൌ  ቐܧሬറ௬ா௉ோଵሺݐሻ  ൅  ቐ෍ܧሬറ௭ோூಿ
ூభ ቑ ሺݐሻ  ൅ ܧሬറ௬ா௉ோଶሺݐሻቑ஼௢௡ௗ௨௖௧௢௥  

൅   ቐܧሬറ௬ா௉ூெଵሺݐሻ  ൅  ቐ෍ܧሬറ௭ூெିூಿ
ିூభ ቑ ሺݐሻ  ൅ ܧሬറ௬ா௉ூெଶሺݐሻቑூ௠௔௚௘ 

(6. 26) 

 

6.5 Frequency Domain Transmission Line Model 

6.5.1 Single Bare Copper Wire above Ground 

A bare wire is investigated as the radiating line; the equivalent transmission 

network circuit can be modelled as in Figure 6.5.1. Rb, Lb, Cb and Gb are the per-unit-

length resistance [6.21], inductance, capacitance, and conductance, respectively. The 

circuit is driven by a source voltage, VG. The source impedance, ZG is 50ȍ and the 

circuit is either terminated by an open circuit or 50ȍ impedance. Z0 denotes the 

characteristic impedance of transmission line system. Ct1 and Ct2 denote the connector 

capacitances on each end (line-end discontinuities), which are similar in magnitude 
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and given an estimated impedance value, ܥ௧ଵ ൌ ௧ଶܥ ൌ ʹǤ͹ͺܨ݌ from S11 measurements 

(see Appendix C). 
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Figure 6.5.1: Equivalent transmission line circuit of a bare wire above ground 

The solution of the bare wire above ground can be treated as two-conductor 

transmission line system [6.21]. In the case of a periodic or non-periodic waveform, 

the signal can be decomposed into a continuum of sinusoidal components via Fourier 

Transform and the frequency analysis remains unchanged. One of the advantages in 

frequency domain modelling is that losses of the conductors and its surrounding 

dielectric can be easily handled in the frequency domain. The frequency domain 

transmission line equations for a two-conductor bare wire circuit have been well 

developed as: 

 ܸ݀ሺݖǡ ߱ሻ݀ݖ ൌ  െሺܴ௕ ൅ ǡݖሺܫ௕ሻܮ݆߱ ߱ሻ (6. 27) 

 

 

 

 

ǡݖሺܫ݀ ߱ሻ݀ݖ ൌ  െሺܩ௕ ൅ ǡݖ௕ሻܸሺܥ݆߱ ߱ሻ (6. 28) 

 

 

 

Z0 
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(a) (b) 

  

 

 

 

 

Figure 6.5.2: (a) Bare wire above ground plane. (b) Equivalent two-conductor 

transmission line. 

The bare wire transmission line geometry is as shown in Figure 6.5.2. By method 

of images, the parameters of this configuration are thoroughly described by Paul 

[6.21], giving: 

where f is the frequency of the transmitted signal, 0  is the permeability of air, 0  is 

the permittivity of air, į is the skin depth, ߪ஼௎ is the copper conductivity and ߪ஺ூோ is air 

conductivity (≈ 0). The two equations (6.27) and (6.28) are solved simultaneously to 

determine the current in each segment on the transmission line, finally obtaining the 

reflection coefficients at the source and load in closed forms, given by: 

 ܴ௕ ൌ ʹටߤ݂ߨ଴ߪ஼௎ߨ ቀͳ െ ݁ି௥ೢఋ ቁ ቆʹݎ௪ െ ߜ ቀͳ െ ݁ି௥ೢఋ ቁቇ Ǣ  πȀ  (6. 29) 

௕ܮ  ൌ ߨ଴ߤ     ିଵ ൬݄ݎ௪൰ Ǣ  Ȁ  (6. 30)ܪ  

௕ܥ  ൌ ଴    ିଵߝߨ ቀ݄ݎ௪ቁ Ǣ  Ȁ  (6. 31)ܨ  

௕ܩ  ൌ ஺ூோ    ିଵߪߨʹ ቀ݄ݎ௪ቁ Ǣ   ܵȀ  (6. 32) 
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ǡݖሺܫ  ߱ሻ ൌ ͳ െ ௅ܶ݁ିఊ್௟݁ଶఊ್௭ͳ െ ௌܶ ௅ܶ݁ିఊ್௟ ௧ܸ௛ܼ௧௛ଵ ൅ ܼ௕ ݁ିఊ್௭  (6. 33) 

where 

 ௧ܸ௛ ൌ ܸீͳ ൅  ௧ଵܼ௅ (6. 36)ܥ݆߱

௕ߛ  ൌ ඥሺܴ௕ ൅ ௕ܩ௕ሻሺܮ݆߱ ൅  ௕ሻ (6. 37)ܥ݆߱

 ܼ௕ ൌ ඨሺܴ௕ ൅ ௕ܩ௕ሻሺܮ݆߱ ൅  ௕ሻ (6. 38)ܥ݆߱

 

6.5.2 Single Coaxial Cable above Ground 

To investigate the radiated fields from shielded coaxial cables, the bare wire in 

section 6.5.1 was replaced by a RG-58 coaxial cable. Based on the conventional 

shielded cable analysis method, Figure 6.5.3 gives the three-conductor system with 

reference directions and notation [6.23] and [6.25]. 

 ௌܶ ൌ ܼ௧௛ଵ െ ܼ௕ܼ௧௛ଵ ൅ ܼ௕  Ǣ   ௅ܶ ൌ ܼ௧௛ଶ െ ܼ௕ܼ௧௛ଶ ൅ ܼ௕ (6. 34) 

 ܼ௧௛ଵ ൌ ܼீͳ ൅ ௧ଵܼீܥ݆߱  Ǣ   ܼ௧௛ଶ ൌ ܼ௅ͳ ൅  ௧ଶܼ௅ (6. 35)ܥ݆߱
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Figure 6.5.3: Shielded coaxial cable model for transmission line analysis 

The whole system is interpreted as two transmission-line (TL) loops, where the 

internal TL loop represents the internal conductor of the coaxial cable, while the 

external TL loop represents the current return path between the coaxial braid and the 

ground. Adopting the two current notations shown in Figure 6.5.4 for the inner and 

outer system cable representation, the outer braid current flowing between the cable 

sheath and the ground plane can be treated as the radiated field excitation current. 

(a) (b) 

  

 

 

 

Figure 6.5.4: (a) Notation of the current in a shielded cable above ground. (b) 

Equivalent two-conductor transmission line for external current loop. 
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Figure 6.5.5: Equivalent transmission line circuit of Figure 6.5.3 

Figure 6.5.5 shows a segment of the internal and external TL loops illustrated in 

Figure 6.5.3. The internal circuit of the coaxial cable can be also described by the 

frequency differential equations (6.27) and (6.28). Solve these two simultaneous 

equations (6.27) and (6.28) to determine the inner current of the core conductor: 

ǡݖௌሺܫ  ߱ሻ ൌ ͳ െ ௅ܶ݁ିఊభ௟݁ଶఊభ௭ͳ െ ௌܶ ௅ܶ݁ିఊభ௟ ௧ܸ௛ܼ௧௛ ൅ ܼ஼ଵ ݁ିఊభ௭ (6. 39) 

where 

 

 

 

ଵߛ  ൌ ඥሺܴଵ ൅ ଵܩଵሻሺܮ݆߱ ൅  ଵሻ (6. 40)ܥ݆߱

 ܼ஼ଵ ൌ ඨሺܴଵ ൅ ଵܩଵሻሺܮ݆߱ ൅  ଵሻ (6. 41)ܥ݆߱
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The per-unit length parameters of the internal transmission line formed by the 

core conductor and the braided shield are given by: 

 ܴଵ ൌ ͳʹߨ ൬ͳܽ ൅ ͳܾ൰ඨߤ݂ߨ଴ߪ஼௎  Ǣ   πȀ  (6. 42) 

ଵܮ  ൌ ߨʹ଴ߤ   ൬ܾܽ൰ Ǣ  Ȁ  (6. 43)ܪ  

ଵܥ  ൌ ௥  ቀܾܽቁߝ଴ߝߨʹ  Ǣ  Ȁ  (6. 44)ܨ  

ଵܩ  ൌ ௥  ቀܾܽቁ Ǣߪߨʹ   ܵȀ  (6. 45) 

where a is the core conductor radius, b is the radius under braid, İr is the permittivity 

of dielectric material, ır is the conductivity of dielectric material. 

The transfer mechanism between the internal voltages and currents and the 

external voltages and currents is modelled by the transfer impedance, ZT (See Chapter 

2). Current flowing between the braid and the ground return is given by Sali [6.26] and 

[6.27]: 

ǡݖ௕ሺܫ  ߱ሻ ൌ ݇     ሺߛଶ ሻݖ െ න ͳܼ஼ଶ     ሾߛଶሺݖ െ Ɍሻሿ்ܸ ሺݖǡ ߱ሻ݀ߦ௭
଴  (6. 46) 

where 

 

 ்ܸ ሺݖǡ ߱ሻ ൌ ǡݖௌሺܫ்ܼ ߱ሻ (6. 47) 

 ݇ ൌ ׬     ሾߛଶሺݖ െ Ɍሻሿ்ܸ ሺݖǡ ߱ሻ௟଴ ஼ଶܼߦ݀     ሺߛଶ݈ሻ  (6. 48) 

ଶߛ  ൌ ඥሺܴଶ ൅ ଶܩଶሻሺܮ݆߱ ൅  ଶሻ  (6. 49)ܥ݆߱

 ܼ஼ଶ ൌ ඨሺܴଶ ൅ ଶܩଶሻሺܮ݆߱ ൅  ଶሻ (6. 50)ܥ݆߱
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The per-unit length parameters of the external transmission line formed between 

the braided shield and ground plane are given by: 

 ܴଶ ൌ ͳʹߨ ൬ͳܾ൰ඨߤ݂ߨ଴ߪ஼௎  Ǣ   πȀ   (6. 51) 

ଶܮ  ൌ ߨʹ଴ߤ   ൬ ͺ݄ܦߨ௠ ൅ ௠Ͷ݄ܦߨ ൰ Ǣ  Ȁ  (6. 52)ܪ  

ଶܥ  ൌ ଴  ቀߝߨʹ ͺ݄ܦߨ௠ ൅ ௠Ͷ݄ܦߨ ቁ Ǣ  Ȁ  (6. 53)ܨ  

ଶܩ  ൌ ஼௎  ቀߪߨʹ ͺ݄ܦߨ௠ ൅ ௠Ͷ݄ܦߨ ቁ Ǣ   ܵȀ  (6. 54) 

 

6.6 Experimental Set Up 

6.6.1 Frequency Domain (FD) Measurement 

Significant research has been done to obtain the predicted radiated field from 

current carrying conductors [6.10], [6.12] and [6.15] – [6.17]. The radiated field 

measurement arrangement is illustrated in Figure 6.6.1. The radiation measurements 

were performed in a semi-anechoic chamber to reduce external interference reflections 

and improve experimental accuracy. The Device under Test (DUT) includes a single 

bare copper wire of 1.02m in length; or a RG-58 coaxial cable of 1.22m in length. The 

DUT is placed above a 2m×0.5m aluminium ground plane, where it is placed on the 

floor of the semi-anechoic chamber.  
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Figure 6.6.1: Radiated electromagnetic field measurement set up for the DUT over a 

finite ground plane 

 

 

 

 

 

Figure 6.6.2: Details of the brass end plates used as support for the DUT for the 

radiated field measurement 

Figure 6.6.2 shows the details of the two brass end plates with dimensions 

15cm×30cm, which are used to support the DUT. Two N-type connectors are used as 

the connecting points for the copper wire at each end; whereas two SMA connectors 

are used for the RG-58 coaxial cable. One end of the DUT is connected to a source; 

and the other is attached to the load. A log periodic antenna Model 3146 is placed in 

the yz plane above the cable to measure the z-direction of the radiated electromagnetic 

field. The antenna is placed at 1.03m above the aluminium ground plane. 

Measurements were carried out under two different termination cases, ie: 50ȍ load 

and an open circuit for both DUTs. Measurements were also performed with two 

different heights where h = 3cm; and h = 5cm. 
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A vector network analyzer (VNA) was used to provide the signal source and 

detection. The cable is connected to Port 1, where it acts as a transmitter, of the VNA 

and the log periodic antenna is in turn connected to Port 2 of the VNA, where it acts as 

a receiver. Through calibration or the use of the antenna factor, the VNA is set up to 

measure the radiated field emitted by the cable (S21) in dB, with a power of 10dBm 

sweeping over a frequency range of 200MHz to 1GHz, sampling over 1601 points (see 

Appendix A). The instrument and test leads were calibrated with an electronic 

calibration module N4691-60003 (See Chapter 3). 

 

6.7 Results 

Simulation was performed for both cables, both in the frequency and time domain. 

The cell dimension was chosen to be 0.01m for both cables. The copper wire is 102 

segments long while the RG-58 coaxial cable is 122 segments long. Both the cables 

are excited by a source Gaussian pulse, in series with a 50ȍ resistance. The radiated 

field for both the cables, Erad, can be calculated as: 

௥௔ௗܧ  ൌ ʹͲ    ଵ଴ ተተ  ୚଴෪ ୗ෪ ʹൗ ተተ ൅  ͳͲ͹ Ǣ  Ȁ  (6. 55)ܸߤܤ݀  

where the accent ~ denotes Fourier Transformed quantities.  

 

6.7.1 Bare Wire above Ground 

Figure 6.7.1 shows the comparison between the predicted and measured current 

(see Appendix B) while Figure 6.7.2 shows the comparison between the predicted and 

measured radiated field, for a bare wire above ground at height, h = 5cm, for both 

cases of an open circuit and 50ȍ termination, for both the frequency domain and TLM 

models. Figure 6.7.3 shows the comparison between predicted and measured radiated 

field at a height of h = 3cm. 
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Figure 6.7.1: Comparison of current for a bare wire over ground, h = 5cm, measured 

position z = 0.1m. (a) τpen circuit termination. (b) 50ȍ termination. 
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Figure 6.7.2: Comparison of radiated field for a bare wire over ground, h = 5cm. (a) 

τpen circuit termination. (b) 50ȍ termination. 
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Figure 6.7.3: Comparison of radiated field for a bare wire over ground, h = 3cm. (a) 

τpen circuit termination. (b) 50ȍ termination. 

 



Predicted Radiation Emission  

 

215 
 

6.7.2 RG-58 Coaxial Cable above Ground 

In order to validate the accuracy of the TLM model, the predicted radiated field is 

presented in the frequency domain by Fourier transforming the time domain quantities, 

given in (6.26). Figure 6.7.4 shows the comparison between the predicted and 

measured current (see Appendix B) while Figure 6.7.5 shows the comparison between 

the predicted and measured radiated field, for a RG-58 coaxial cable above ground at 

height, h = 5cm, for both cases of an open circuit and 50ȍ termination, for both the 

frequency domain and TLM models. Figure 6.7.6 shows the comparison between 

predicted and measured radiated field with a height of h = 3cm. 
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Figure 6.7.4: Comparison of current for a RG-58 coaxial cable over ground, h = 5cm, 

measured position z = 0.1m. (a) τpen circuit termination. (b) 50ȍ termination. 
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Figure 6.7.5: Comparison of radiated field for a RG-58 coaxial cable over ground, h 

= 5cm. (a) τpen circuit termination. (b) 50ȍ termination. 
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Figure 6.7.6: Comparison of radiated field for a bare wire over ground, h = 3cm. (a) 

τpen circuit termination. (b) 50ȍ termination. 

Figures 6.7.1 and 6.7.4 compares between the calculated current spectra and 

measured results using the current probe for both the bare wire and coaxial cable 

above ground, respectively. Both the open load and 50ȍ resistive load results show 

good agreement between the simulation models and measurement. Meanwhile, 

Figures 6.7.2 and 6.7.3 present the radiated field comparison of calculated results and 
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measured results from the bare wire while Figures 6.7.5 and 6.7.6 show the radiated 

field comparison of calculated results and measured results from the RG-58 coaxial 

cable. Notice that both the open circuit results and 50ȍ resistive load results show 

relatively good agreement between the measured and simulated results, with respect to 

both the several resonant frequencies and the peak values. 

It is observed that the radiated field prediction for a bare copper wire is in better 

agreement as compared to the RG-58 coaxial cable. This may be due to the 

inaccuracies in the modelling of the coaxial braid current. Nonetheless, the peak 

resonant frequencies can be clearly captured in both cases. The difference in some of 

the peaks of the resonant frequencies may be due to the inaccurate placing of the 

antenna position. The antenna is placed above and in the middle of the cable, as seen 

in Figure 6.6.1. Any uncertainty in the position of the antenna during measurement 

procedures causes significant discrepancy in the radiated field results. 

Notice that when radiated field measurements were performed, the brass end 

plates in section 3.2.1 are replaced with one with smaller dimensions, as presented in 

section 6.6.1. The reason to this is that for larger connector plates, the larger the 

amount of radiated field from the connector plates. As illustrated in Figure 6.7.7, if the 

original connector plates from section 3.2.1 are used, the top of the connector plates 

becomes isolated (shown in red). Thus, it is assumed to be a monopole, with its excess 

radiating field being picked up by the antenna, causing inaccurate readings. 

 

 

 

 

 

 

Figure 6.7.7: The monopole effect causing inaccurate radiated field measurement if a 

larger brass end plate is used. 
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Another important problem that may require future investigation would be the 

brass end plates. The current flowing through the end plates is too complicated to 

model in a 1D TLM model, which may explain the slight difference in pattern in the 

radiated field results. 

 

6.8 Conclusions 

In this chapter, a modelling technique has been presented to evaluate the predicted 

radiated electromagnetic fields from interconnect cables, known as the Hertzian dipole 

technique. Based on the Hertzian dipole theory, the radiating cable comprise of a large 

number of short dipoles. Subsequently, the radiated field emitted by the cable is the 

summation of all current contributions from each of the dipole. Two transmission line 

modelling techniques have been implemented in the prediction of the radiated field, ie: 

time domain model (TLM), and frequency domain analysis. Two types of 

interconnects are investigated, ie: bare copper wire and the RG-58 coaxial cable. In 

both cases, the transient current derived from the numerical model is used to calculate 

the radiated field. Experimental verifications were performed to validate the radiated 

field prediction accuracy of both the time and frequency domain models. Comparison 

between the predicted and measured electromagnetic fields radiated by both types of 

interconnects show very good agreement within the validity of the modelling 

assumptions and measurement uncertainties. 
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CCOONNCCLLUUSSIIOONNSS  AANNDD  FFUUTTUURREE  WWOORRKK  

7.1 Conclusions 

The main objective of this thesis is the modelling of interconnects, mainly coaxial 

cables and multiconductor lines. It involves the time domain numerical simulation and 

prediction of crosstalk between two coaxial cables in free space and over a perfect 

conducting ground plane; as well as numerical time and frequency domain radiated 

field models to predict radiated field emission from a single bare copper wire and a 

single coaxial cable above a perfectly conducting ground plane. The research work 

includes both measurements and modelling techniques (based on the TLM method). 

For the experimental verification of crosstalk, the degree of coupling is observed at 

the near end of the adjacent (victim) cable; for which numerical solution is developed 

and compared with the measurements. The near-field radiated field measurement is 

obtained from a log-periodic antenna. A method of predicting the resultant 

electromagnetic field (Hertzian dipole technique) using simulated data from the time 

(TLM method) and frequency domains is employed and results are compared against 

measurements. The conclusions of this research can be summarised as below. 

In Chapter 2, theoretical knowledge of coaxial cable coupling is presented. In this 

work, the cable coupling due to transfer impedance alone is considered as the effect of 

transfer admittance is negligible for non-optimised cable braids [7.1]. A comparison is 

made between three different transfer impedance modelling techniques (Tyni, Vance 

and Kley models) of the coaxial cable, where the model with best accuracy proposed 

by Kley is chosen for this work. The coupling due to the transfer impedance occurs 

when the cables are laid in parallel along a common path. It is found that the nature of 

the terminations strongly affects the degree of coupling at high frequencies due to the 

stray reactance they introduce. If the cables are terminated at a common equipment 

cabinet, the stray reactance is mostly inductive. However, if the cables are connected 

to electrically isolated units, the stray reactance will be primarily capacitive.  
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The coupling path between the driven source cable and the victim cable is via the 

tertiary circuit, which serves as a conduit transferring EMI to the victim circuit 

through the currents in the braided shield. The two configurations investigated in this 

work were the coupling between two coaxial cables in free space and the coupling 

between two coaxial cables over a perfect conducting ground plane. By assuming that 

both cables are identical; and the metallic ground plane is perfect and infinitely large,  

the tertiary circuit parameters were correspondingly derived in [7.2] for the two 

configurations investigated. 

In Chapter 3, the crosstalk experiment together with the measurement 

configurations are presented. The configuration involves coupling measurements 

between two RG-58 coaxial cables in free space and over a metallic ground plane; 

with results obtained in both the time and frequency domains. Various measurement 

results were taken by varying the separation between the two cables and the height 

between the cables and the metallic ground plane. The external impedance of the 

connector plates were also measured using a Time Domain Reflectometer (TDR) to 

obtain an approximation of the tertiary circuit termination’s stray inductance since the 

cables are placed in parallel along common brass connector plates, as presented in 

Chapter 2. Measurements were taken for both modes; the differential mode, formed by 

the external surfaces of the two cable braids as well as the connector plates; and the 

common mode, formed by the return path between the cable braid and the metallic 

ground plane. 

In Chapter 4, the numerical modelling technique based on the 1D Transmission 

Line Modelling (TLM) method was introduced. The 1D TLM model can be divided 

into three main tasks, starting with the initial problem definition and followed by the 

calculation of voltages and currents, which propagate by “scatter” and “connection”. 

In implementing this method for crosstalk simulation, several factors are considered 

such as time synchronisation of all three circuits (source, tertiary and victim circuits); 

and also numerically modelling the cable braid’s surface transfer impedance using two 

techniques, the stub inductance model and digital filter model. 

Propagation of the tertiary circuit is in free space while both the source and victim 

coaxial lines have polymer insulation. For ease of computation, it is necessary for the 

time and space steps to be the same for all three circuits. A time synchronisation 
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method is implemented in the 1D TLM model by an addition of a capacitive stub into 

both the source and victim coaxial lines to adjust the propagation velocities in all three 

circuits. 

The coupling path from one circuit to another is numerically modelled through 

the frequency dependent models of the surface transfer impedance. The surface 

transfer impedance is approximated by a simple L-R circuit where the inductance can 

be represented as a stub for modelling it in the time domain. As for the alternative 

digital filter model, the inductance is represented using the bilinear z-transform 

method. The bilinear z-transform is a first-order approximation of the differential 

equations that maps the z-(digital) plane to the s-(analog) plane. The inductance of the 

transfer impedance is derived in the s-plane using the z-plane representation before 

solving for the entire transfer impedance function. Nonetheless, both stub inductance 

and digital filter models agree exactly with each other. 

The crosstalk of two conductors in free space is governed by the differential mode 

current. However, when the two conductors are placed over a conducting ground 

plane, the crosstalk is governed by both the differential and common modes. In this 

case, a multimode model is developed and implemented using 1D TLM model. The 

modal components and the corresponding propagation velocities for each mode were 

initially introduced and obtained. The system is then separated into external coupling 

regions, mode conversion and mode propagation regions. Coupling path was attained 

by converting the modal quantities, combined with the coupling source terms, into line 

parameters; each propagation mode (differential and common modes) of the coupling 

path was represented by their corresponding modal impedances. The reconversion of 

the adjacent victim cable line parameters to modal quantities was finally implemented 

to allow propagation to the next coupling region. 

It can be concluded that the numerical model of the system is successfully 

modelled using the TLM technique. Predictions show that the characterisation of the 

braid’s transfer impedance is insufficient to predict accurate results when compared 

against measurements. The results also successfully compared the effects of including 

the brass end plates into the system and can finally be concluded that the peaks of the 

resonant frequencies correspond to the resonant frequencies in the tertiary circuit.  
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In Chapter 5, the analysis of the skin depth effect is included as a loss factor in the 

characterisation of the tertiary circuit (braided shield). Skin depth effects are usually 

modelled in the frequency domain. Time domain skin depth models comprise of 

branches of R-L lumped circuits. Most proposed time domain models have a relatively 

large number of R-L branches, resulting in slow computation. The two most suitable 

models are due to (Kim et al. [7.4] and Bidyut et al. [7.3]). The two models were 

investigated and compared; and both agree very well with each other. 

The model proposed by Bidyut et al. [7.3] consists of a six branch ladder circuit 

and is convenient to implement at low frequencies. As frequency increases, the 

number of branches required increases, resulting in slow computation. The model 

proposed by Kim et al. [7.4] consists of a compact four ladder circuit and can be 

implemented over any desired frequency range using a matrix model. 

It can be concluded that good agreement is obtained for both the crosstalk 

configurations; two coaxial cables in free space as well as over a perfectly conducting 

ground plane; presented in both time and frequency domains when compared against 

the measurement results. Predictions include a complete characterisation of the tertiary 

circuit through the braid’s transfer impedance, the impedance at the connector plates, 

and skin depth effect.  

In Chapter 6, a modelling technique has been presented to predict the radiated 

electromagnetic fields from interconnect cables, known as the Hertzian dipole 

technique. Based on the Hertzian dipole theory, the radiating cable is split up in a 

large number of short dipoles. The total radiated field emitted by the cable is the 

summation of all current contributions from each of the dipoles. Two transmission line 

modelling techniques have been implemented in the prediction of the radiated field, ie: 

time domain model based on TLM, and frequency domain analysis. Two types of 

interconnect are investigated, ie: bare copper wire and the RG-58 coaxial cable. In 

both cases, the transient current derived from the numerical model is used to calculate 

the radiated field. Experimental verifications were performed to validate the radiated 

field prediction accuracy of both the time and frequency domain models. 

Radiating sections of the TLM equivalent circuit are assumed to behave as ideal 

radiating antennas with a transient current given from a time-domain simulation of the 

circuit. In both cases, the transient current derived from the numerical model is used to 
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calculate the radiated field. In this study, radiated field measurements obtained using 

an antenna agree with the radiation calculated using the transient currents obtained 

from the TLM numerical model. The approach is general and it enables solution of 

practical interconnect configurations. 

It was found that the radiated field prediction for a bare copper wire was in better 

agreement with measurements compared to the RG-58 coaxial cable. This may be due 

to inaccuracies in the modelling of the coaxial braid current. Another factor governing 

the slight discrepancy in the results may also be due to the uncertainty in the position 

of the antenna during measurement procedures. Nonetheless, comparison between the 

predicted and measured electromagnetic fields radiated for both types of interconnects 

show very good agreement with measurements within the validity of the modelling 

assumptions and measurement uncertainties. 

It can be concluded that good agreement is obtained for both the configurations, 

in both time and frequency domains when compared to the measurements. It was 

shown that the amplitude and resonance frequencies of crosstalk are dependent on the 

geometry of the tertiary circuit. In most situations, the cable geometry is poorly 

defined in practical situations so therefore resonant peaks and frequencies may not 

match accurately with the numerical solutions. Comparison between measured and 

numerical solution show that the TLM solution successfully models the coupling. 

However, it is observed that the coupling prediction become less accurate at higher 

frequencies. This is due to that factors such as radiation loss etc. were not included in 

the numerical model. This study proved that when the skin depth effect and the excess 

impedance at the connector plates are omitted from the tertiary circuit, noticeable 

discrepancies are observed between measurements and the TLM solution. A further 

advantage of this study is that in addition to the importance of crosstalk to EMC 

studies, the presentation of results in the time domain is also valuable for Signal 

Integrity studies where the exact shape of the waveforms is important for the correct 

operation of fast digital circuits. 
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7.2 Future Works 

The factors affecting the degree coupling in multiconductor lines are clearly 

identified and modelled in the current research. This work can be regarded as a basis 

to develop intermediate design tools for EMC problems from multiconductor lines. 

Some future work is proposed in this section. 

The equivalent circuits formulas developed in this work may be further improved 

to solve more complex and realistic systems and subsequently to obtain more accurate 

results; more specifically the following aspects are worth considering: 

 

7.2.1 The Effects of Transfer Admittance at High Frequencies 

The concept of transfer admittance of a cable braid is briefly discussed in Chapter 

2 (see section 2.2). In addition to coupling produced by penetration of the magnetic 

field through apertures in the shield (transfer impedance), there is also electric 

coupling produced by an electric field, which would otherwise terminate on the outer 

surface of the shield, penetrating through the holes in the shield and terminating on the 

inner conductors [7.5]. Coupling of this form is represented by transfer admittance, YT, 

between the return path for the shield current and the inner conductors as illustrated in 

Figure 7.2.1. 

 

 

 

 

 

  

Figure 7.2.1: Coupled line showing transfer impedance ZT and transfer admittance YT 

of a segment, dx, of a transmission line [7.5] 
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where Zi and Yi denote the impedance and admittance of the internal conductor 

respectively; Ze and Ye denote the impedance and admittance of the external circuit 

(tertiary circuit) respectively; V0 and I0 denote the voltage and current between the 

external return from the source cable and the internal conductor respectively; and V 

and I denote the voltage and current between the shield and the internal conductor 

respectively. 

As discussed in Chapter 2 (see section 2.3), the effects of transfer admittance, YT, 

is negligible in non-optimised cable braids [7.6]. However, this investigation is only 

proven for frequencies up to 1GHz. The relevance of the transfer admittance should be 

included in the model to observe its effects at frequencies above 1GHz. Investigation 

should also be carried out to compare the relevance of transfer admittance in 

optimised and standard cable braids at high frequencies. 

 

7.2.2 High Frequency Time Domain Crosstalk 

In current research, the time domain crosstalk can only be measured at low 

frequencies due to the Time Domain Oscilloscope (TDO) and Pulse Arbitrary 

Function Generator (PAFG) limitations. It would be interesting to observe the 

crosstalk pattern in the time domain when a square wave of high frequency, sufficient 

to cover at least two resonant frequency peaks in the desired range of frequencies, is 

applied. 

 

7.2.3 Three-Dimensional TLM Model 

Work in this thesis is based on using the 1D TLM method. To fully study the 

current flow patterns in open waveguide, 3D TLM model is required [7.8]. This is 

essential especially in modelling the brass connector plates. A 1D TLM model cannot 

fully model the current in the end plates. The reason is illustrated in Figure 7.2.2. This 

figure shows that current, It, is non-uniformly distributed as it travels through the brass 

end plates. This in turn affects the termination inductance which will vary with 

frequency. 

 



Future work and Conclusions  

 

231 
 

 

 

 

Figure 7.2.2: Complex current flow in the tertiary circuit which requires 3D TLM 
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AAPPPPEENNDDIIXX  

A. Log-Periodic Antenna Calibration 

In general, an antenna can be used to receive, as well as emit, electromagnetic 

radiation. An antenna which transmits most of their radiation in a particular direction 

is also preferentially sensitive to the radiation incident from the corresponding 

direction. In section 6.6.1, before the radiated field measurements were carried out, the 

calibration of the log-periodic antenna Model 3146 is done in a semi-anechoic 

chamber in order to obtain its antenna factor (AF). The AF is used by radio frequency 

(RF) or EMC antenna engineers to describe the required electric field strength that 

produces 1 Volt at the terminals of an antenna. Alternatively, the AF is defined as 

what the received voltage is in the presence of an electric field, given by: 

ܨܣ  ൌ  ௜௡௖௜ௗ௘௡௧௥ܸ௘௖௘௜௩௘ௗ (A. 1)ܧ

For the specified log-periodic antenna Model 3146, which spans from frequencies 

200MHz – 1GHz, its AF characterisation is illustrated in Figure A.1. 

 

 

 

 

 

 

 

 

Figure A.1: The characterisation of the log-periodic antenna Model 3146 
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The calculation of the AF is given by (see [6.4], pp. 160): 

 ȁܨܣȁௗ஻ ൌ ʹͲ    ଵ଴ ඨ ͳȁܵଶଵȁ ଴ܼ଴ߟ ͳ݈ߣ଴  Ǣ   ݅݊    (A. 1) 

where S21 denotes the coupling between two antennas in dB; Ș0 denotes the intrinsic 

impedance in free space (≈377ȍ); Z0 denotes the input impedance of the receiving 

antenna from the network analyser (50ȍ); l denotes the separation between the two 

antennas, where in this case, the 1m calibration is performed. Finally, Ȝ0 denotes the 

wavelength which is given by: 

଴ߣ  ൌ ݂ܿ  Ǣ   ݅݊   (A. 2) 

where c is defined as the speed of light (≈3×108ms-1) and f denotes the frequency. 

Figure A.2 shows the comparison of the AF (in dB) values between data sheet and 

the calibrated data of the log-periodic antenna Model 3146, using (A.1). 

 

 

 

 

 

 

 

Figure A.2: Comparison of AF of the log-periodic antenna between data sheet and 

calibrated values 
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B. Current Probe Measurement 

In section 6.7, a comparison between the measured and predicted current was 

presented. In order to measure the current flowing in the cables (DUT), a current 

probe was used. The specifications of the current probe used are presented in Table 

A.1. 

Model: Eaton Corp.  Model 94111-1 948 

Frequency Range: 1MHz - 1GHz 

 

Table A.1: Specifications of the current probe used 

With the same instruments and parameters in section 6.6, the antenna is replaced 

by the said current probe as a receiver, as illustrated in Figure B.1 

 

 

 

 

 

 

 

Figure B.1: Current spectra measurement using current probe 

The current, I, along the DUT is calculated from the receiver reading of the 

current probe output in volts divided by the probe transfer impedance, Zt. If the 

readings on the receiver, S21, are recorded in dBȝV, Zt in dBȍ is only required to be 

subtracted in order to convert the readings to dBȝA, as given by: 

where Zt values can be obtained from the data sheet. 

 

ௗ஻ఓ஺ܫ  ൌ ȁܵଶଵȁௗ஻ఓ௏ െ ܼ௧ௗ஻π (B. 1) 
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C. S11 Measurements of the Line-End Discontinuities 

The models for the line-end discontinuities have been determined using a 6cm 

length and 5cm height line configuration shown in Figure C.1. An equivalent model 

for this structure is developed in Figure C.2, yielding two terminated capacitances to 

add at the line-ends. Figure C.2 also shows that the short line is represented by 

connecting two short nominal sections in cascade. A good approximation of the 

highest frequency range represented by the two cascaded nominal circuits is given by 

(see [6.19], pp. 185): 

 ௠݂௔௫ ൌ ݈ߨܿܰ  (C. 1) 

where N denotes the number of segments and l denotes the line length. The 

representation of this distributed effect by the equivalent lumped model in Figure C.2 

is not valid above the frequency of 3.18GHz. 

 

 

 

 

 

Figure C.1: Short line measurement for the line-end discontinuities characterisation 
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Figure C.2: Equivalent LC network for a 6cm length transmission line 
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An experimental characterisation, in terms of scattering parameters S11, has been 

performed to derive the LC model of Figure C.2. It relies on the knowledge of the 

input impedance, Zin, of the whole circuit, which is extracted from the reflection 

coefficient, S11, parameter of the circuit obtained from a vector network analyser 

(VNA): 

 ܼ௜௡ ൌ ܼீ ͳ ൅ ܵଵଵͳ െ ܵଵଵ 
(C. 2) 

where ZG is the nominal impedance of the VNA. The evolution of the cable 

impedance according to the frequency of a 6cm line length in short circuit (SC) and 

open circuit (OC) is represented in Figure C.3. At low frequencies, the SC impedance 

profile is basically inductive, while the OC impedance is capacitive. 

 

 

 

 

 

 

 

Figure C.3: Evolution of the line impedances (6cm length) comprising short circuit 

and open circuit configurations 

From the measurement data shown in Figure C.3, the equivalent total capacitance 

and inductance through the impedance profile can be determined as: 

௘௤ܥ  ൌ ʹሺܥ௧ ൅ ܥ଴ሻ ൌ ͳ߱ȁܼ௜௡ିை஼ȁ (C. 3) 

௘௤ܮ  ൌ ʹሺܮ௧ ൅ ଴ሻܮ ൌ ȁܼ௜௡ିௌ஼ȁ߱  (C. 4) 
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Although the total inductance and capacitance are frequency dependent, it is 

assumed that the values are approximately constant over the frequency range of 

interest at 74.75nH and 6.19pF, respectively. Finally, by solving the circuit in Figure 

C.2, the capacitance and inductance parameters for each segment can be computed 

(see [6.21], pp. 185), yielding ܥ௧ ൌ ʹǤ͹ͺܨ݌ ; and ܮ௧ ൌ ͷǤͷ͹݊ܪ , representing the 

capacitances and inductances for the terminations (end plates), respectively. 

The results obtained through this representation are shown in Figures C.4 and C.5. 

The empirical model proposed by estimates approximately 1pF for the line-end 

transition. In fact, as shown in Figure C.5, the empirical model predicts the first 

resonant frequency at an estimated 570MHz, whereas the actual resonance takes place 

at approximately 310MHz. 

 

 

 

 

 

 

 

Figure C.4: Comparison of measured and simulated results of an open circuit 

configuration for the 6cm length wire above ground 
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Figure C.5: Comparison of measured and simulated results of a short circuit 

configuration for the 6cm length wire above ground 

For validation purposes, Figure C.6 plots the simulation results of a 30cm length 

round wire over a conducting ground plane, showing open and short circuit 

configurations; comparing with the experimental measurements for the same 

configuration shown in Figure C.1. The results obtained with this proposed model are 

very satisfying, providing a good description of the line-end discontinuities behaviour. 

 

 

 

 

 

 

 

Figure C.6: Evolution of the line impedances (30cm length) comprising short circuit 

and open circuit configurations (comparing measured and simulated results) 
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D. RG-58 Coaxial Cable Parameters 

RRGG--5588  CCOOAAXXIIAALL  CCAABBLLEE  PPRROOPPEERRTTIIEESS  

Symbol Quantity Value 

e number of carriers 9 

N number of wires in each carrier 12 

l length 1.22m 

b hole width 0.377mm 

dr wire diameter 0.127mm 

Dm mean braid diameter 3.27mm 

D0 outer diameter of dielectric 2.95mm 

Rm mean braid radius 1.635mm 

Rb outer radius of dielectric 1.475mm 

Į braid angle 27.42˚ 

ı conductivity 58.82M Sm-1 

İr relative permittivity 2.25 

 

Table D.1: RG-58 coaxial cable properties 


